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Abstract

DNA damage is a pervasive environmental threat, as such, most bacteria encode a network of genes called the
SOS response that is poised to combat genotoxic stress. In the absence of DNA damage, the SOS response is
repressed by LexA, a repressor-protease. In the presence of DNA damage, LexA undergoes a self-cleavage
reaction relieving repression of SOS-controlled effector genes that promote bacterial survival. However,
depending on the bacterial species, the SOS response has an expanded role beyond DNA repair, regulating
genes involved in mutagenesis, virulence, persistence, and inter-species competition. Despite a plethora of
research describing the significant consequences of the SOS response, it remains unknown what physiologic
environments induce and require the SOS response for bacterial survival. In Chapter 2, we utilize a
commensal E. coli strain, MP1, and established that the SOS response is critical for sustained colonization of
the murine gut. Significantly, in evaluating the origin of the genotoxic stress, we found that the SOS response
was nonessential for successful colonization in the absence of the endogenous gut microbiome, suggesting
that competing microbes might be the source of genotoxic stress. MP1 has an antimicrobial colicin under
control of the SOS response, and colicins are hypothesized to function in inter-species competition. In
Chapter 3, we therefore investigated the role of colicin in promoting successful colonization of MP1. We
found that in the healthy murine gut, sustained colonization does not require colicin production, thus
suggesting that MP1 existing in its natural niche does not face colicin-required microbial competition. This
finding calls into question the importance of colicins in an unperturbed environment. Finally, with increased
recognition of variance in SOS effectors across bacterial species, we posited that there may be a corresponding
diversity in the regulatory LexA self-cleavage reaction. In Chapter 4, we systematically characterized LexA
from phylogenetically-diverse bacterial species, uncovering a wide range of self-cleavage rates across bacterial
species. Overall, this thesis describes non-canonical aspects of the SOS response by first exploring physiologic
environments that require SOS activation, then investigating DNA repair-independent consequence of SOS
induction, and finally probing the LexA self-cleavage reaction from multiple bacterial species.
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ABSTRACT
NON-CANONICAL FUNCTIONS OF THE BACTERIAL SOS RESPONSE
Amanda N. Samuels
Rahul M. Kohli

DNA damage is a pervasive environmental threat, as such, most bacteria encode
a network of genes called the SOS response that is poised to combat genotoxic stress.
In the absence of DNA damage, the SOS response is repressed by LexA, a repressorprotease. In the presence of DNA damage, LexA undergoes a self-cleavage reaction
relieving repression of SOS-controlled effector genes that promote bacterial survival.
However, depending on the bacterial species, the SOS response has an expanded role
beyond DNA repair, regulating genes involved in mutagenesis, virulence, persistence,
and inter-species competition. Despite a plethora of research describing the significant
consequences of the SOS response, it remains unknown what physiologic environments
induce and require the SOS response for bacterial survival. In Chapter 2, we utilize a
commensal E. coli strain, MP1, and established that the SOS response is critical for
sustained colonization of the murine gut. Significantly, in evaluating the origin of the
genotoxic stress, we found that the SOS response was nonessential for successful
colonization in the absence of the endogenous gut microbiome, suggesting that
competing microbes might be the source of genotoxic stress. MP1 has an antimicrobial
colicin under control of the SOS response, and colicins are hypothesized to function in
inter-species competition. In Chapter 3, we therefore investigated the role of colicin in
promoting successful colonization of MP1. We found that in the healthy murine gut,
sustained colonization does not require colicin production, thus suggesting that MP1
existing in its natural niche does not face colicin-required microbial competition. This
finding calls into question the importance of colicins in an unperturbed environment.
iv

Finally, with increased recognition of variance in SOS effectors across bacterial
species, we posited that there may be a corresponding diversity in the regulatory LexA
self-cleavage reaction. In Chapter 4, we systematically characterized LexA from
phylogenetically-diverse bacterial species, uncovering a wide range of self-cleavage
rates across bacterial species. Overall, this thesis describes non-canonical aspects of
the SOS response by first exploring physiologic environments that require SOS
activation, then investigating DNA repair-independent consequence of SOS induction,
and finally probing the LexA self-cleavage reaction from multiple bacterial species.
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Chapter 1: Introduction
1.1 A Bacterial Survival Guide
Bacteria are single cell organisms that lack some of the complex cell regulation
of higher order organisms. That said, bacteria are arguably the most successful life-form
on this planet and possibly the universe. Bacteria can colonize and survive in diverse
environments ranging from the soil, to the GI tract of all animals, to even hydrothermal
vents. In these diverse environment’s, bacteria exist in complex dynamic microbial
communities that range from hundreds of bacterial cells to billions of cells depending on
the given location. In these communities, bacteria face challenges from both competing
microbes and from the surrounding environment. Within complex microbial communities,
there is constant competition between microbes for access to space and resources. The
surrounding environment poses a formidable challenge to bacteria as well. For example,
bacteria living in the external environment face challenges that include UV-light, waterlimitation, and temperature changes. Additionally, these natural fluctuations in the
environment require rapid adjustment for bacteria to survive. As if it couldn’t get more
difficult, bacteria existing within or on a vertebrate or invertebrate host face challenges
from the environment, other microbes, and from the host. In this setting, challenges from
the surrounding environment can include oxygen limitation and pH changes. Challenges
from the other microbes can involve direct cell-to-cell killing and secretion of bacterialproduced antimicrobials (Raffatellu, 2018). Challenges from the host can be diverse and
intense including, peristalsis, oxidative and nitrosative stress, and nutrient restriction
(Foster, 1999; Gibson, 2014; Begley, 2015). Overall, it is tough to be a bacterium in an
ever-changing, overcrowded world. In general, the survival of bacteria largely depends
upon their ability to rapidly detect, react, and adapt to challenges in the natural world.
1

To survive in diverse and dynamic environments, bacteria have evolved networks
of genes whose protein products elegantly interact with each other to sense the
surrounding environment and to coordinate a response that promotes bacterial survival
and proliferation. Some of these networks come in the form of stress response pathways
which typically consist of a sensor protein, a regulator protein, and the downstream
effector proteins. The sensor protein detects the stress, and the regulator protein
induces the downstream effector proteins. Stress response pathways largely come in
two flavors, global stress response pathways and specific stress response pathways.
Global stress response pathways, such as RpoS, activate large changes in metabolism
and gene expression that provide protection from a variety of stresses all at once
(Battesti, 2011). Specific stress response pathways have evolved to respond to
generally one type of stress. These consist of a regulator and a set of genes that, when
activated, are aimed at promoting bacterial survival to the given stress.
Promoting bacterial survival can take many forms. It can include fixing the
damage caused by the stressor. It can involve modifying the expression levels of genes
which temporarily enables bacteria to adapt to the alteration in their environment and the
given stress (Galhardo, 2007). It can also encompass activating genes whose
expression can modulate virulence or persistence (Fang, 2017). Lastly, it can include
increasing the mutation rate to expand genetic variation enabling bacteria to
permanently adapt to the selective pressure (Foster, 2005). Additionally, recent research
has proposed that stress response pathways may act as an environmental sensor
providing cues to bacteria about their present habitat (Cornforth, 2013). Here, it has
been postulated that specific stress response pathways have evolved to enable bacteria
to directly sense and respond to competition from surrounding bacteria.

2

In this thesis, I concentrate on one particularly significant stress response
pathway, the SOS response. I will focus on critical questions involving the molecular
regulators of the SOS response and the dynamic relationship of the SOS response with
a complex, physiologic environment, the mammalian gut.

1.2 The SOS response
The SOS response is a highly conserved network of genes that are activated in
the presence of DNA damage (Figure 1). In all bacterial species, the SOS response is
tightly regulated by two highly conserved proteins, LexA, the repressor of the SOS
response, and RecA, the sensor of DNA damage. In the absence of DNA damage, LexA
binds to specific DNA sequences, referred to as SOS-boxes, upstream or inside of RNApolymerase binding-sites of SOS-regulated genes. Binding of LexA to SOS boxes
physically occludes RNA-polymerase from transcribing the genes, thus preventing their
expression (Little, 1984; Butala, 2009). In the presence of DNA lesions, single-stranded
DNA (ssDNA) is formed and sensed by RecA. When ssDNA is present in the cell, RecA
filaments on the ssDNA forming a complex known as activated RecA (RecA*). RecA*
induces a self-cleavage reaction in LexA and cleaved LexA can no longer effectively
bind to DNA, relieving repression of the SOS-regulated genes in a coordinated fashion.
A fascinating component of the SOS response is that it exhibits a time-dependent
transcription of genes upon activation (Courcelle, 2001). Specifically, during elevated
levels of DNA damage, the transcription of SOS-controlled genes display a temporal
pattern with some genes being expressed “early” and others being expressed “late”
(Culyba, 2018). When ssDNA is no longer present in the cell, RecA ceases to be active.
When RecA* is no longer present, the levels of uncleaved LexA rise, thus returning the
SOS response to its repressed state.
3

Figure 1: The SOS Response. When the SOS response is repressed, LexA (black
cartoon) binds tightly to SOS boxes on DNA upstream of SOS-controlled genes,
preventing their expression. In the presence of DNA damage, RecA (green circles)
polymerizes on ssDNA forming the active RecA filament (RecA*). RecA* binds unbound
LexA and forms the LexA:RecA* complex which promotes a LexA self-cleavage
reaction that causes the dissociation of LexA from the promoters of SOS-controlled
genes. Cleaved LexA can no longer bind DNA thus relieving repression of SOScontrolled genes and activating the SOS response.

Despite the conservation of the SOS response, the number and function of
genes in the SOS regulon are varied across bacterial species suggesting that the SOS
response may be fine-tuned to best suit the needs of a given species (Erill, 2007). For
example, in E. coli, over 40 genes have been described to be SOS-inducible, but only 15
genes are SOS-inducible in Pseudomonas aeruginosa (Cirz, 2006). Other examples
include Staphylococcus aureus and Clostridium difficile where 16 genes are induced by
the SOS response in both bacterial species, but only 4 genes overlap (lexA, recA, uvrB,
and uvrA) (Cirz, 2007; Walter, 2014). The most extreme example of SOS regulon
divergence is with Mycobacterium tuberculosis where only 3 genes are involved in the
SOS regulon, lexA, dnaE2, and recA (Smollett, 2012). Even though the SOS regulon
varies across bacterial species, the high degree of evolutionary conservation of the SOS
response highlights the importance of this response for bacterial survival amid genotoxic
threats.
4

1.3 Activators of the SOS response
Single-stranded DNA (ssDNA) is the sole inducer of the SOS response, but the
origin of ssDNA varies and can separated into three major categories: internal,
environmental, and synthetic (Figure 2).

Figure 2: Representative sources of ssDNA. Bacterial cells are constantly being
challenged with genotoxic stress. Environmental sources are ubiquitous and can
include direct damage from OH- radicals, competing microbes, UV damage, and the
uptake of DNA in the form of plasmids. Internal sources typically come from stalled
replication forks. Synthetic sources are from antibiotics, such as ciprofloxacin or
chemotherapeutic drugs, such as mitomycin C.

Here, internal sources of ssDNA are in reference to the formation of ssDNA in the
absence of external genotoxic insults. In general, ssDNA primarily originates from stalled
replication forks during replication (Pennington, 2007). In this scenario, replication fork
stalling leads to double strand breaks and the formation of ssDNA on the lagging strand
which provides a substrate for RecA to bind and subsequently induce the SOS
response. Stalled replication forks can also come from transcription-replication collisions,
5

metabolic intermediates, and the formation of R-loops in nonreplicating bacteria
(Mcglynn, 2012; Paul, 2013).
The formation of ssDNA due to environmental sources are numerous and the
major ones are briefly discussed here. One of the best described and reliable inducers of
the SOS response is UV irradiation (Oliveira, 1986). UV irradiation predominately leads
to photoproduct DNA lesions in the form of pyrimidine dimers (Sinha, 2002). Reactive
oxygen species (ROS) are another abundant environmental source of DNA damage.
Superoxide or hydroxyl radicals can lead to DNA damage through interactions with iron
and the Fenton reaction (Imlay, 1988). Additionally, hydroxyl radicals can also attack the
DNA backbone thus directly inducing the SOS response (Jena, 2012). Hydroxyl radicals
can also indirectly cause DNA damage through impairing proteins and lipids, which in
turn can lead to increased replication fork stalling (Paez, 2011). Further, interactions with
mammalian hosts can result in the formation of ROS, primarily through the action of
inflammatory mediators and NO synthase-NADPH oxidases (Bernstein, 1999; Tyler,
2013; Winterbourn, 2016; Diard, 2017). DNA damage in the form of ROS can also come
from direct microbial interactions (Dong, 2015). Competing microbes can also induce
DNA damage through the production of antimicrobial toxins known as colicins. DNases
are one class of colicins and have been demonstrated to induce the SOS response in
the target cell (Vankemmelbeke, 2005; Toshima, 2007). Another commonly overlooked
but critical, source of ssDNA from the environment is conjugation and transformation. In
naturally competent bacteria ssDNA uptake during competency induces the SOS
response and the movement of plasmids from a donor strain to a recipient strain also
activates the SOS response (conjugation) (Baharoglu, 2010; Baharoglu, 2012). The
consequences of DNA uptake will be discussed in the next section.
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Synthetic sources of ssDNA come directly from our arsenal of tools to eliminate
bacteria, antibiotics. Many antibiotics trigger the SOS response at both lethal and sublethal concentrations (Baharoglu, 2011). Fluoroquinolones are the best described
inducers of the SOS response and act through replication arrest by blocking DNA gyrase
(Pohlhaus, 2005). Additionally, some reports in the literature suggest other classes of
antibiotics can indirectly cause ssDNA formation and subsequent SOS induction (Miller ,
2004; Maiques, 2006; Mesak, 2008; Malachowa, 2010). Beyond antibiotics, some
chemotherapeutic and anti-viral drugs can induce the SOS response. Mitomycin C is the
classic chemotherapeutic drug that induces the SOS response. In fact, mitomycin C is
commonly used in the laboratory to potently and reliably induce the SOS response.
Other examples of SOS inducing chemotherapeutic and anti-viral drugs include 5fluorouracil, azacytidine, and zidovudine (Oda, 1987; Bunnell, 2017).
Clearly, DNA damaging events and insults that result in the formation of ssDNA
are pervasive in the environment. The diversity of these insults underscores the
importance of a highly conserved and functional SOS response for bacterial survival and
propagation.

1.4 Molecular activation of the SOS response
LexA self-cleavage
ssDNA provides the nidus for SOS activation, but the molecular mechanisms
preceding downstream SOS gene induction are complex and have been an area of
intense investigation. The SOS response is governed by the actions of two proteins,
LexA and RecA. The rate of LexA self-cleavage is directly correlated to induction of the
SOS response; thus, understanding the self-cleavage activity of LexA is critical to
understanding activation of the SOS regulon (Mo, 2016). Mechanistic detail of LexA self7

cleavage activity has been studied primarily using two model organisms, E. coli and P.
aeruginosa. LexA is a transcriptional repressor-protease that consists of two domains
separated by a flexible linker. The N-terminal domain (NTD) contains specific DNA
binding activity and the C-terminal domain (CTD) contains the protease activity (Luo,
2001; Zhang, 2010). The CTD contains the serine-lysine catalytic dyad and a
structurally-dynamic cleavage loop that includes the target alanine-glycine bond (Luo,
2001). Cleavage at the alanine-glycine bond separates the two LexA domains,
essentially inactivating LexA. Structural studies of E. coli LexA revealed that the
cleavage loop can sample two predominate conformations; a “cleavable” form where the
alanine-glycine is positioned close to the active site serine and a “non-cleavable” form
where the loop is far away from the active site (Luo, 2001). Although these structural
studies provide a nice “snapshot” of protein conformation, this preliminary work cannot
replace thorough structure-function analysis.
In the bacterial cell, activated RecA (RecA*) mediates the self-cleavage reaction
of LexA. However, in vitro, E. coli and P. aeruginosa LexA have the property of being
able to self-cleave under alkaline conditions in the absence of RecA* (Little, 1984; Mo,
2014). To obtain a detailed structure-function analysis of LexA self-cleavage activity
under alkaline conditions, extensive profiling of the cleavage site loop of LexA from P.
aeruginosa was performed and both restrictive and permissive positions were identified
(Mo, 2014). This study revealed important substrate preferences for LexA self-cleavage
and identified single amino acid changes in the cleavage loop that either enhanced or
diminished the rate of self-cleavage.
The discovery of these LexA variants raises the interesting question of whether
diversity in LexA activity naturally exists among LexA proteins in other bacterial species.
In a variety of reviews written about the SOS response, the question is posed as to
8

whether the SOS regulon has evolved to fit the specific needs of each individual bacteria
(Erill, 2007; Simmons, 2008; Baharoglu, 2014). Coupled with the knowledge that
variance exists in the SOS regulon across bacterial species, it is possible that LexA
proteins may have evolved different rates or regulation of self-cleavage activity. In order
to begin addressing this question, methodical characterization of LexA proteins from
phylogenetically-diverse bacterial species should be undertaken. In Chapter 4 of this
thesis, we systematically characterize the self-cleavage property of LexA from six
bacterial species representing Gram-positive, Gram-negative and Mycobacterium to
further elucidate whether LexA self-cleavage rate is a conserved property or represents
another layer of SOS regulation.
RecA*-mediated LexA self-cleavage
Studies involving alkaline conditions have proved invaluable in terms of providing
insight into the mechanism of LexA-self cleavage. However, in the bacterial cell, SOS
induction does not occur in the absence of RecA* (Schuldiner, 1986; Dri, 1994).
Towards that end, extensive research has been done to characterize the molecular
interaction of RecA* with LexA, but the molecular mechanism governing RecA*mediated LexA self-cleavage have yet to be fully elucidated. Parsing out the molecular
interaction of RecA* with LexA is complicated by other critical functions of RecA in the
cell. Outside of its interaction with LexA, RecA is responsible for mediating homologous
recombination, activating mobile genetic elements including prophage, and modulating
the activity of DNA pol V complex (Cox, 2007; Chen, 2008; Bell, 2016).
Multiple approaches have been used in an attempt to explain the complex
interaction between LexA and RecA. To visualize the interaction between LexA and
RecA*, Yu and colleagues used electron microscopy to examine the binding of LexA to
RecA*. Here, cryo-EM of the RecA* filaments with a catalytically inactive LexA (K156A)
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revealed that LexA may bind in the deep helical groove of RecA* (Yu, 1993). Using the
crystal structure of RecA to guide residue selection, Mustard, et. al, performed sitedirected mutagenesis of E. coli RecA in an attempt to isolate regions on RecA that
specifically interfered with LexA cleavage but left other RecA functions intact (Mustard,
2000). Despite identifying mutants that reduced LexA cleavage in cells, they were
unable to identify residues that only altered LexA cleavage without perturbing other
RecA functions. Biochemical approaches have suggested that RecA* binding may have
an allosteric effect on LexA by essentially stabilizing the cleavable conformation (Giese,
2008), yet the residues required for this interaction between LexA and RecA* have not
elucidated. Based on the X-ray crystal structure of the activated RecA* nucleofilament
and the highly conserved nature of RecA, Adikasavan et. al., used a computational
model, Evolutionary Trace analysis, followed by site-directed mutagenesis to identify two
residues on RecA that are linked to the LexA-RecA interaction (Adikesavan, 2011).
From this data the authors developed a model of the LexA:RecA* complex where the
CTD of LexA interacts with residues across RecA monomers and the NTD interacts with
the RecA* core. In another report, Kovacic, et al. chemically cross linked the active
RecA* nucleofilament to LexA and identified the cross-linked portions of the protein
complex (Kovačič, 2013). Despite rigorous molecular biology, biochemical, and
computational approaches no general consensus has been developed regarding the
LexA:RecA* interface.
From this brief overview the complexity of the LexA:RecA* interaction is clear
and developing new methodologies and approaches to studying this complex interaction
is much needed.
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1.5 Consequences of SOS induction
Direct DNA repair
The primary function of the SOS response is to repair DNA lesions. In most
bacteria species studied, DNA repairs occur primarily through high-fidelity mechanisms
followed by low-fidelity error prone repair (discussed in the next section). High fidelity
repair occurs mainly through the nucleotide excision repair (NER) pathway mediated by
the induction of uvr genes for excision of damaged nucleotides (Easton, 1983). Here, a
12-nucelotide section around the lesion is removed and the gap is filled in by DNA
polymerase I and DNA ligase (Kisker, 2013). The activation of the uvr regulon occurs
rapidly, reaching peak activity within 5-10 minutes after the genotoxic stress (Courcelle,
2001).

Genomic Plasticity
Across almost all bacterial SOS regulons investigated, SOS activation increases
the expression of at least one error-prone translesion polymerase, which in E. coli
include DinB (PolV) and the UmuD2-RecA-ATP complex (PolV) (Courcelle, 2001; Cirz,
2006, 2007). The appearance of error-prone polymerases within the SOS regulon must
be critical as even Mycobacterium tuberculosis, which has the fewest number of genes
in the SOS regulon, has a translesion polymerase, DnaE2, under SOS control
(Papavinasasundaram, 2001). Error prone polymerases can replicate over DNA lesions
because of their wider active site and lesion recognition domain (Sale, 2013; Sharma,
2013). These polymerases aid in repair, but they also lack processivity and a
proofreading domain and as such, can incorporate an incorrect nucleobase across from
the lesion on the template strand (Friedberg , 2002). Consequently, incorporation of mispaired bases throughout the genome results in a transient hypermutator state where
mutation rate increases at least 1000-fold (Tompkins, 2003; Ni, 2008; Galhardo, 2009).
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This transient hypermutator state, deemed SOS mutagenesis, occurs throughout the
duration of the genotoxic insult.
The increase in basal mutation rate has a significant effect on bacteria
evolvability providing more available genetic space in which to access adaptive
mutations. A plethora of experimental and theoretical studies have demonstrated that
having an increased mutation rate can result in a selective advantage in a dynamic
environment (Sniegowski, 1997; Taddei, 1997; Giraud, 2001).

Additionally, in the

presence of DNA damaging antibiotics, SOS mutagenesis can result in increased
resistance to these antibiotics (Baharoglu, 2011; Mo, 2016). Importantly, experimentally
inactivating the SOS response decreases mutation rates and by extension can prevent
the acquisition of antibiotic resistance (Boshoff, 2003; Cirz, 2005; Mo, 2016). There are
two seminal papers that highlight this point. In one experiment Cirz et al, established a
murine thigh infection model. They infected the murine thighs with either wild-type E. coli
and or with an E. coli strain that had a deactivated SOS response (SOS-off). When all
the mice were treated with antibiotics, both strains had an initial decline in bacterial
counts, but the wild-type strain rapidly evolved resistance and the infection rebounded.
The SOS-off strain, significantly, was unable to evolve resistance and the infection was
cleared. In a murine infection model with M. tuberculosis, Boshoff et. al. inactivated
DnaE2 and found that the loss of this protein reduced survival of M. tuberculosis and
prevented the evolution of drug resistance. Taken together, SOS mutagenesis plays an
invaluable role for bacterial survival and more importantly, may contribute to antibiotic
resistance. However, SOS mutagenesis is not the only mechanism in which the SOS
response can promote genomic plasticity.
The SOS response can also induce large genomic changes within the genome
through horizontal gene transfer. In 2004, Beaber et. al. published a critical paper
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describing SOS induction as leading to the activation and transfer of mobile elements in
V. cholerea (Beaber, 2004). Here, SOS induction triggered the transfer of integrating
conjugative elements (ICE) from a donor to a recipient cell. The transfer of ICE can
result in acquired antibiotic resistance because these genetic elements commonly
encode genes conferring resistance to chloramphenicol, trimethoprim, streptomycin, and
sulfamethoxazole (Stalder, 2012).

The SOS response also induces integron

rearrangement and subsequent capture and expression of previously inactive genes
(Guerin, 2009; Baharoglu, 2010). Briefly, integrons are genetic elements that consist of
three main components: gene cassettes which are single open reading frame genes, an
integrase which is the integrating unit that catalyzes the rearrangement and capture of
the gene cassettes, and recombination sites that direct the specific integration of the
gene cassettes. Gene cassettes largely consist of antibiotic resistance genes but can
also include genes that promote bacterial survival (Gillings, 2014). Significantly, reports
describing SOS activation and subsequent integron rearrangement leading to antibiotic
resistance have been documented clinically (Hocquet, 2012). Terrifyingly, in this
capacity, the SOS response can promote the dissemination of antibiotic resistance
genes throughout a bacterial population.

Virulence and Persistence
Outside of the effects on modifying DNA, it has been increasingly recognized that
the SOS response may play a role in enhancing virulence and modifying bacterial
physiology. Interestingly, these functions are more specific to individual bacterial species
and are briefly described here. In terms of bacterial virulence, in Staphylococcus aureus,
SOS induction enhances expression of fibronectin binding protein, which increases
bacterial tissue adherence, and can induce horizontal dissemination of virulence factors
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present in pathogenicity islands (Bisognano, 2004; Úbeda, 2005). In Listeria
monocytogenes, E. coli, and

P. aeruginosa, the SOS response regulates biofilm

production (Gotoh, 2010; van der Veen, 2010; Bernier, 2013). In enteropathogenic E
coli, the SOS response regulates the locus of the enterocyte effacement (LEE), which
encodes a type III secretion system responsible for secreting virulence factors into the
host (Mellies, 2007). Additionally, many phage related toxins are SOS-dependent
including the Shiga (Stx) toxin from E. coli O157:H7 (Wagner, 2001), and cholera toxin
from V. cholerae (Kimsey, 2009). Lastly, in Vibrio harveyi, quorum sensing has been
linked to the SOS response (Czyz, 2000).
The SOS response may also function to regulate the bacterial persistence
phenotype.

Persistence is a nonhereditary, reversible state where bacteria exhibit

decreased metabolic activity and are essentially dormant. Persistence enables bacteria
to survive an environmental insult and when that insult is removed, resume growth.
Persister formation has been demonstrated to be induced by the SOS response after
treatment with fluoroquinolones and depends upon SOS induction of toxins from the
toxin-antitoxin family (Dorr, 2009; Dorr, 2010).
Inter-species competition
Further, SOS induction may aid in direct bacteria-bacteria interactions. In the
natural environment and in the host, bacteria exist in diverse complex communities.
Survival in these complex communities require bacteria to develop various defense
mechanisms to acquire environmental resources and space (Hibbing, 2010). Colicins
are toxins produced by E. coli that rapidly and specifically kill their bacterial targets
(Cascales, 2007). Research into the regulation of these potent toxins has revealed an
intimate connection between colicins and DNA damage (Lloubes, 1993; Mrak, 2007). Of
the sequenced enteric colicin promoters, 75% have the conserved LexA binding boxes
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and are regulated by the SOS response (Jerman, 2005; Gillor, 2008). Colicins are
prevalent within E. coli species as currents estimates suggest over 50% of natural E. coli
isolates are colicin-producing (Riley, 1992; Gordon, 1998; Gordon, 2006). Despite the
prevalence of colicins, their function has not fully been elucidated. Generally, it is
assumed that colicins mediate bacterial interactions, but it is unclear precisely what that
means. Some models suggest that colicins enable producing bacteria to defend an
environmental site against invading microbes, or to invade themselves into an
established bacterial community (Streelman, 1970; Majeed, 2013).

Theoretical and

culture-based empirical models suggest that colicins not only promote bacterial survival,
but may orchestrate local bacterial diversity through the formation of non-transitive
interaction networks (Czaran, 2001; Kirkup, 2004; Walker, 2004). Models based on
characterizing the types of colicin produced and the breadth of associated bacterial
targets, suggest that colicins may help to mediate diversity on a larger community level
(Riley, 2003). Support for this model comes from colicin-like molecules, bacteriocins.
Here, it has been demonstrated that bacteriocins can alter the microbial composition of
the gut when administered exogenously (Riboulet-bisson, 2012; Kommineni, 2015; Umu,
2016). The gut is a natural niche for E. coli, but whether E. coli colicins modify the
microbial diversity in the gut remains unclear. A more recent model has proposed that
together, colicins and the SOS response may act as an environmental signal. In this
scenario, the SOS response provides a signal that ecological competition is present,
colicin production occurs in some SOS-activated cells, and the remaining clonal
population can escape the competitive challenge (Cornforth, 2013).
These models are attractive and colicins may function at some capacity in all the
above-mentioned scenarios. However, the lack of direct testing of these models in
complex physiologic environments precludes any firm understanding of the functional
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role of colicins in the natural environment. To fully capture the dynamics and function of
colicin production, more work needs to be done in models that mimic a natural
environmental niche. In Chapter 3 we characterize the functional consequences of
colicin production in a commensal E. coli isolate, MP1. Using this model organism, we
elucidate the importance of colicin production for MP1 colonization of the murine gut
where the microbial community is intact.

1.6 Environments and the SOS response
The SOS response is an effective strategy bacteria employ in order to adapt and
survive. Further, the SOS response is more than a simple DNA repair pathway and may
act as an environmental sensor promoting bacteria virulence and competition under
times of stress. However, this raises the question: what environments necessitate a
functional SOS response? Historically, understanding the mechanisms of SOS induction
has revolved around a single, exogenous stressor in the laboratory, even though the
pathway likely evolved to deal with a multitude of environmental stressors at the same
time. Utilizing one stressor to activate the SOS response has provided a reliable model
system to elucidate the molecular underpinnings of this pathway. Antibiotics or other
agents that stimulate formation of reactive oxygen species have drawn more recent
attention, given the intersection of the SOS response with antibiotic resistance (Imlay,
1988; Baharoglu, 2011, 2014). But these experiments do not capture what is responsible
for activating the SOS response in a natural physiologic environment, nor do they
provide insight into whether activation of the SOS response is required for bacteria to
survive in a complex natural habitat.
Our understanding of the contribution of specific environments to SOS induction
is relatively limited and largely suffers from the lack of laboratory models that mimic
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natural environments. Despite this limitation, a role for the SOS response has been
implicated for some pathogenic bacteria in the host. Li et. al., established that the SOS
response is essential for UPEC virulence in a mouse model of human urinary tract
infection (Li, 2010). In V. cholerae, cholera toxin (CTX) is upregulated by the SOS
response (Quinones, 2005). Following this result, Quinones et. al, addressed whether
the gut environment is a potent stimulus for CTX prophage induction and toxin
production (Quinones, 2006). Using an infant mouse model, it was shown that after 24
hr, there was no increase in ctxA transcript abundance suggesting that the infant mouse
intestine is not a potent stimulus for the SOS response. Further, when infant mice were
co-inoculated with a wild-type and an SOS deficient mutant strain, equal numbers of
both strains could be recovered at 24 hr. However, Quinones and colleagues did not
extend this study beyond 24 hr and thus, it remains unclear whether CTX prophage and
toxin could have been expressed and required for virulence at later time points.
The mammalian gut has been posited as an environment that might induce the
SOS response. As described earlier, both host factors and competing microbes are
potential sources of DNA damage (Trastoy, 2018). For example on the host side, various
bile salts have been shown to increase expression of SOS induced genes ex vivo
(Bernstein, 1999). With the pathogen E. coli O157:H7 the gut environment provided a
DNA damaging stimulus that induced the prophage resulting in increased Stx production
in a germ-free setting (Tyler, 2013). On the microbial side, Stx production increased in
the presence of colicinogenic bacteria or non-pathogenic E. coli strains in the gut of
germ-free mice (Toshima., 2007; Goswami, 2015).
While studies with pathogens suggest that the SOS response mediates some of
the interplay between the mammalian gut and bacteria, the role of the SOS response in
gut colonization remains unknown. Further, it is unknown whether the SOS response is
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required for colonization and persistence for commensal enteric bacteria. Understanding
the role of the SOS response during gut colonization is critical to not only understand the
types of stressors faced by commensals as they colonize the gut but speaks to whether
the gut environment more globally contributes to genomic plasticity and bacterial
virulence via the SOS response. In Chapter 2 our aim was to study whether the SOS
response contributes to successful bacterial colonization of the mammalian gut. In order
to address this question, we needed to employ a model that captures the complex
physiologic environment of the gut.
Addressing the role of the SOS response in a natural environment is complicated
by the challenge of mimicking natural environments in the laboratory. Understandably
laboratory models need to simplify complex environments in order to ask specific
questions and reasonably interpret results, but in doing so, reduce the complexity and
possibly eliminate important factors that may be critical outside of the laboratory setting.
Efforts to understand E. coli colonization in the gut have previously relied on simplifying
models. Typically, E. coli colonization models utilize a streptomycin-mouse model where
the strain in question is engineered to be streptomycin-resistant and the mice are fed
streptomycin throughout the duration of the experiment (Myhal, 1982). This model is
effective for two reasons. One, it reduces colonization resistance by making available
niches for E. coli to colonize and, two, it enables non-mouse adapted E. coli to the
colonize the gut (Wadolkowski, 1988; Hentges, 1990). However, streptomycin alters the
microbial diversity in the gut and perturbs the host immune status thus it may eliminate
environmental and microbial stressors that could be relevant inducers of the SOS
response (Garner, 2009; Bazett, 2016). Therefore, in order to effectively study the role of
the SOS response for commensal colonization of the mammalian gut, a new model
needs to be employed that captures all potentially relevant stressors.
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Towards that end, our collaborators have developed a mouse model for studying
E. coli colonization of the gastrointestinal tract that does not require continual
streptomycin treatment for successful E. coli colonization (Lasaro, 2014). Here, a natural
mouse commensal E. coli strain, MP1, was isolated and found to stably colonize the gut
without exogenous perturbations. MP1 has a fully sequenced genome and is genetically
tractable, making it an ideal strain to study the functional role of the SOS response for E.
coli colonization. A mouse model that mimics a natural environment and an E. coli
isolate that naturally inhabits the murine gut, together make a powerful research tool to
study the SOS response and its effector proteins in the context of a complex, dynamic
host environment.

1.7 Thesis objectives
The SOS response has been studied for decades. Yet, critical questions remain
regarding the molecular mechanisms governing SOS regulation, the role of SOS effector
genes during SOS activation in a natural environment, and what physiologic
environments require an SOS response for successful bacterial survival and
propagation. In this thesis, we tackle all three gaps in our knowledge. In Chapter 2, we
harness the power of the E. coli MP1 mouse colonization model to address the role of
the SOS response for bacterial colonization of the mammalian gut. We present evidence
to demonstrate a critical role for the SOS response in sustained colonization of the gut
and reveal that competing flora in the microbiome are a significant source of genotoxic
stress. This work highlights that commensal organisms experience genomic stress in the
mammalian gut and suggests that the SOS response may contribute to dynamic
genomic diversification within the host microbiome. In Chapter 3, we investigate an
SOS-controlled colicin. We demonstrate that MP1 produces a colicin upon SOS
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induction and we characterize how this colicin promotes MP1 fitness in vitro and in our
powerful MP1 colonization model. We show that in an unperturbed murine gut, sustained
colonization does not require colicin production and suggests an unperturbed gut may
not necessitate colicin-dependent inter-species competition. In Chapter 4, we
systematically characterize the self-cleavage rate of the LexA protein from diverse
bacterial species in both alkaline pH and in the presence of RecA*. Our results reveal a
wide range of LexA self-cleavage rates across bacterial species, thus suggesting
another possible layer of SOS regulation. In Chapter 5, I outline future directions that
aim to build upon the conclusions of each chapter.
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Chapter 2: The SOS Response Mediates Sustained Colonization of the
Mammalian Gut
The contents of this chapter have been published:
Samuels, A.N., Roggiani, M., Zhu, J., Goulian, M., and Kohli, R.M. The SOS Response
Mediates Sustained Colonization of the Mammalian Gut. Infect. Immun. 2019, 87(2) 115.
2.1 Abstract
Bacteria have a remarkable ability to survive, persist, and ultimately adapt to
environmental challenges. A ubiquitous environmental hazard is DNA damage and most
bacteria have evolved a network of genes known as the SOS response to combat
genotoxic stress. The SOS response aids in bacterial survival by regulating genes
involved in DNA repair and damage tolerance. Recently, the SOS response has been
shown to play an important role in bacterial pathogenesis, yet the role of the SOS
response in non-pathogenic organisms and in physiological settings remains
underexplored. Using a commensal E. coli strain, MP1, we show that the SOS response
plays a vital role during colonization of the murine gut. In an unperturbed environment,
the SOS-off mutant is impaired for stable colonization relative to a wild-type strain,
suggesting the presence of genotoxic stress in the mouse gut. We evaluated the
possible origins of genotoxic stress in the mouse gut by examining factors associated
with the host versus the competing commensal organisms: In a DSS-colitis model, the
SOS-off colonization defect persisted, but was not exacerbated. In contrast, in a germfree model, the SOS-off mutant colonized with equal efficiency as the wild-type strain,
suggesting that competing commensal organisms might be a significant source of
genotoxic stress. This study extends our understanding of the importance of a functional
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SOS response for bacterial fitness in the context of a complex physiological environment
and highlights the SOS response as a possible mechanism that contributes to ongoing
genomic changes in the microbiome of healthy hosts.

2.2 Introduction
Bacteria have a plethora of stress response pathways that enable them to rapidly
and effectively respond to changes in their environment. One such stress response
pathway, the SOS response, is activated by the presence of DNA damage and mediates
bacterial survival by promoting repair of the damaged DNA (Culyba, 2015). The
transcriptional repressor of the SOS response is the dual-functional repressor-protease
LexA (Figure 3A). In the absence of DNA damage, LexA binds to promotors upstream of
SOS-regulated genes, preventing their transcription. When DNA is damaged, RecA, the
sensor of the DNA damage, is activated and stimulates LexA to undergo self-cleavage
relieving its transcriptional repression of SOS-controlled genes (Courcelle 2001; Culyba,
2018). The SOS regulon varies across bacterial species, but core genes typically include
those responsible for repairing or tolerating DNA damage (Erill, 2007). Importantly, DNA
repair can occur in phases with early high-fidelity repair followed by lower fidelity
damage tolerance pathways involving translesion DNA polymerases (Galhardo, 2009;
Sale, 2013). The SOS response can also impact larger genomic changes through its
regulation of conjugative elements (Beaber, 2004; Guerin, 2009). These DNA repair and
diversifying functions likely contribute to the role of the SOS response in bacterial
adaption to external stressors including resistance to antibiotics (Cirz, 2005; Cirz, 2006;
Mo, 2016; Recacha, 2017).
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Outside of its canonical function, recent research has demonstrated for a wide
range of pathogens that the SOS response may play broader roles in bacterial
pathogenesis and virulence. For example, SOS induction enhances expression of
fibronectin binding protein in Staphylococcus aureus (Bisognano, 2004), contributes to
biofilm production in Pseudomonas aeruginosa (Gotoh, 2010), and regulates Shiga and
cholera toxins in Escherichia coli O157:H7 (Muhldorfer, 1996; Matsushiro, 1999; Zhang,
2000) and Vibrio cholerae, respectively (Quinones, 2005; Kimsey, 2009). Further, SOS
induction may play an important role in interspecies competition that predominates in the
natural environment of the host. For example, colicins are bacteriocins produced by
Enterobacteriaceae that kill phylogenetically similar relatives and many colicins are
intimately connected with the SOS response (Jerman, 2005; Mrak, 2007; Gillor, 2008).
Of the sequenced enteric bacteriocin promoters over 75% of colicins are regulated by
the SOS response (Gillor, 2008) and many are induced by DNA damaging antibiotics
(Jerman, 2005). While much of the work has focused on pathogens, our understanding
of the SOS response in commensal bacteria remains limited and there is an increasing
need to fill this gap given the integral role commensals play in health and disease.
Although there is a growing recognition of more diverse roles for the SOS
response, how the SOS response is induced inside a host organism remains an open
area of investigation. Largely, the historical focus on this pathway has related to single
and often synthetic exogenous stressor, such as UV light or antibiotics, even though the
pathway has likely evolved to deal with multiple stressors naturally found in a living host
environment. Studies highlighting a role for the SOS response in pathogenesis have
shown that host environments can be relevant stressors for some model pathogens. In a
UPEC virulence model, SOS activation increases tissue adhesin and biofilm formation
(Goneau, 2015) and inactivation of the SOS response or specific SOS effectors
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decreased bladder colonization in a mouse model (Justice, 2006; Li, 2010). Interestingly,
while SOS activation is required for cholera toxin prophage induction in vitro (Quinones,
2005), in an infant mouse model of V. cholerae infection, induction of cholera toxin
prophage was not observed. Additionally, equal numbers of a wild-type and SOS
inactive strains were recovered 24 hr post infection thus leading the authors to conclude
that the infant mouse gut is not a potent stimulus for the SOS response (Quinones,
2006).
The mammalian gut has been posited as an environment that might induce the
SOS response. In the gut, both host factors and competing microbes are potential
sources of DNA damage. For example on the host side, various bile salts increase the
expression of SOS induced genes ex vivo (Bernstein 1999). Additionally, pathogenassociated gut inflammation in a germ-free mouse model provided a DNA damaging
stimulus that induced the prophage associated with Shiga toxin (Stx) production in E.
coli O157:H7 (Tyler, 2013). On the microbial side, Stx production is increased in the
presence of colicin-producing bacteria (Toshima, 2007).
While studies with pathogens suggest that the SOS response mediates some of
the interplay between the host and bacteria, the role of the SOS response in colonization
remains unknown. The mediators of colonization are particularly important to decipher,
as the mammalian gut is a rich environment for microbial interactions and the colonizing
microbiome has been linked to both bacterial and non-bacterial diseases. To address
this gap, we utilized a natural E. coli isolate, MP1 (Lasaro, 2014), to directly examine the
role of the SOS response during sustained colonization of the murine gut in the absence
of exogenous factors that could perturb host responses and microbial diversity.
We demonstrate that an SOS-off mutant is compromised relative to the wild-type
strain in sustained colonization using a competitive co-colonization model. Additionally,
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we addressed the relative contributions of host inflammatory responses versus the
competing microbial communities in explaining the impact on colonization observed with
the SOS-off mutant. Our results demonstrate the importance of the SOS response for
maintenance of colonization of non-pathogenic E. coli. This conclusion implies that
genotoxic stressors are likely continually at play in the gut and thus the SOS response
could contribute to genomic and population plasticity even in a healthy microbiome.

2.3 Results
2.3.1 SOS-deficiency compromises in vitro fitness of MP1 in the presence of DNA
damaging agents.
The role of the SOS response in complex host environments is not well
established. Here, we focused on the murine gut and MP1, an E. coli strain that is a
natural mouse colonizer and is amenable to genetic manipulation. This strain can also
achieve stable colonization in the absence of continuous antibiotic treatment, a
departure from the standard colonization model (Wadolkowski, 1988; Conway, 2004).
This MP1 model has previously been used to establish the importance of select twocomponent signaling systems in sustained colonization and to demonstrate a critical role
for bacterial nitrogen production in modifying the gut microbiome (Lasaro, 2014; Ni,
2017).
To decipher the impact of the SOS pathway, we engineered an MP1 derivative
with its native lexA locus replaced with an inactive lexAS119A allele. LexA-S119A has a
point mutation in the catalytic residue of the serine protease domain that prevents selfcleavage (Little, 1984), keeping LexA in the DNA-bound state and rendering the SOS
response constitutively off (Figure 3A). To confirm this phenotype, we first examined
SOS induction using a reporter plasmid which places gfp under the control of the SOS25

inducible recA promoter (Zaslaver, 2006). Using this system in the presence of
ciprofloxacin as the DNA damaging agent, the wild-type showed inducible expression of
GFP while SOS-off mutant shows no response (Figure 3B).

Figure 3: The SOS pathway contributes to survival in the presence of DNA
damage. (A) Schematic of the SOS response. In the absence of DNA damage, LexA
acts as a repressor for the SOS response. DNA damage leads to self-cleavage of LexA,
activating the response in wild-type strains, but not in an SOS-off mutant with a
catalytically-inactive LexA. (B) SOS reporter assay. The WT or SOS-off strains with a
SOS reporter plasmid, containing GFP under the control of the recA promoter, were
examined in the presence or absence of ciprofloxacin (Cipro). The time-dependent
induction of GFP is represented as the fluorescence intensity normalized to optical
density (OD595) with error bands showing the standard deviations of results from three
independent biological replicates for each condition. (C) Growth of cells in the absence
or presence of sub-therapeutic levels of ciprofloxacin. Optical density at 595 nm was
measured at 10-min intervals at 37 ºC with error bands showing the standard deviations
of results from four independent biological replicates for each condition. (D) Relative
fitness levels were evaluated in competition experiments between GFP or mCherrylabeled WT:WT strains or WT:SOS-off strains were evaluated in the presence or
absence of ciprofloxacin at 24 hr and 48 hr. The mean fitness of each strain was
calculated from two independent competition experiments. No colonies were detected
in the SOS-off mutant at 48 hr with ciprofloxacin treatment, with the top of the error bar
representing the limit of detection. The P values reported for the WT:SOS-off
competition are based on a two-tailed unpaired Student’s t test.
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It has previously been established that inactivation (S119A) of LexA in E. coli
MG1655, was associated with no measurable defect in cell growth or fitness in the
absence of DNA damage (Mo, 2016). In the presence of DNA damage there was,
however, a notable growth defect. We compared the wild-type and its SOS-off derivative
under similar settings to determine if they demonstrated similar phenotype in MP1. In the
absence of DNA damaging stress, the two strains had similar growth kinetics (Figure
3C). However, in the presence of sub-therapeutic ciprofloxacin, growth was stunted in
the SOS-off mutant, but not in the wild-type (Figure 3C). To more rigorously compare the
strains we performed fitness competition experiments (Lenski,1991). We introduced the
SOS-off allele into a MP1 derivative marked with a tetracycline resistance cassette and
mCherry under the tight control of a tet promoter (Lasaro, 2014). We partnered this
SOS-off strain with a WT MP1 derivative containing GFP under the tet promoter to allow
for facile discrimination of the WT and SOS-off strains in a competition experiment using
these fluorescent markers. In the absence of DNA-damaging stress, no fitness defect
was observed for the SOS-off mutant relative to wild-type at either 24 or 48 hr (Figure
3D). In the presence of sub-lethal DNA-damaging stress, the SOS-off mutant was
significantly defective at 24 hr and completely outcompeted by the wild-type strain, with
no detectable colonies, by 48 hr. Thus, as anticipated, the SOS-off mutant has
comparable fitness to the wild-type strain in the absence of DNA damaging stress in vitro
but is compromised in the presence of DNA damaging stress.

27

2.3.2 SOS response is important for robust growth in the mouse gut.
Establishing the reliability of the strains in vitro allowed us to perform competition
experiments in the murine gut. Most mouse colonization studies have employed
streptomycin-resistant strains of bacteria, with mice being fed streptomycin continually in
their drinking water. In these experiments streptomycin aids in overcoming colonization
resistance (Myhal, 1982; Hentges, 1990) and also allows for sustained expansion of
strains not typically found in the mouse gut because a significant portion of the
competing flora is eliminated (Hentges, 1990; Bazett, 2016). The MP1 colonization
model, by contrast, employs a brief pretreatment with streptomycin for 72 hr, followed by
a 24 hr washout period. Previous work has shown that normal flora rebounds within 5-6
days following streptomycin pretreatment (Antunes, 2011), allowing us to use this
system to address whether sustained colonization in the gut depends upon the SOS
response. Further, eliminating continual streptomycin treatment allowed us to
understand the contribution of the SOS response to colonization in the absence of a
confounding antibiotic stressor during the course of the experiment (Spees, 2013).
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Figure 4: Colonization of the adult mouse gut. (A) Schematic of colonization
protocol. Mice were inoculated with an equal mixture of E. coli strains and fecal
samples were collected at various days post-inoculation. A representative image with
GFP or mCherry marked colonies is shown. tet, tetracyline. (B to E) Groups of 6-to-8week-old CD-1 female mice (B and C) or 6-to-8 week old C57BL/6 male mice (D and E)
were co-inoculated with an equal mixture of either WT:WT strains (black filled circles) or
WT:SOS-off strains (blue open circles). (B and D) Log competitive index (CI) values
were calculated as the ratio of output colonies normalized to the input ratio. Each circle
indicates a specific animal. Significant p vales are noted (NS, no significance; *, < 0.01;
**, <0.001) and were calculated using one-sample t test. If colonies were too numerous
to count on the plate that animal was excluded from the data for that day. (C and E)
CFU counts of stool for the WT:SOS-off competition only. The analogous data from the
WT:WT competition are shown in Fig. S2. Each square represents the mean and the
standard deviation for results from all individual mice. The limit of detection was 102 for
the CD-1 mice and 103 for C57BL/6 mice.
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We first orally inoculated groups of CD-1 female mice with an equal mixture of a
SOS-off mutant mcherry-marked strain and a wild-type gfp-marked strain. In a control
cohort, we performed parallel experiments with an equal mixture of two different wildtype strains marked either with mcherry or with gfp. To understand colonization
dynamics, we quantified the initial inoculum and subsequently collected feces at the start
and at various days post inoculation until a set end-point. At each time point, massnormalized feces were serially diluted and plated onto LB media containing tetracycline
(Figure 4A). Tetracycline permits the selection of MP1 strains from the colonizing milieu
of competing bacteria in feces and induces the expression of the fluorescent markers,
permitting us to measure the total colony forming units (CFU) and the relative distribution
of the GFP-marked versus mCherry-marked strains. To quantify the fitness of the
strains, we calculated the competitive index (CI) by taking the ratio of input CFU counts
to output CFU counts. In the control cohort, the total CFU reached levels of ~1012 per g
stool in the immediate day following inoculation (Supplemental Figure 1). After one
week, the total CFU stabilized to ~105, representing the establishment and maintenance
of the population. These levels were maintained out to at least 4 weeks, demonstrating
the strength of the MP1 model system for evaluating sustained colonization. Throughout
the experimental time points examined, as expected, the GFP-marked wild-type versus
mCherry-marked wild-type strains displayed equal fitness (Figure 4B). However, for the
wild-type versus SOS-off mutant, significant differences emerged. The proportion of WT
versus SOS-off remained non-significant up to day 8 (log CI: -0.17, ns). However, by day
11 the SOS-off mutant had a significant colonization defect (log CI: -0.4, p > 0.01), which
increased with each subsequent time point. At day 28 the SOS-off mutant is
outcompeted by the wild-type strain by over 10-fold (log CI: -1.2, p< 0.001), reflecting a
progressive decrease in the SOS-off strain CFU, while the wild-type strain is sustained
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(Figure 4C). Collectively, these experiments suggest that although the SOS-off mutant
can establish colonization, it has reduced sustained colonization capacity relative to the
wild-type.
Mouse strains and gender can vary in their immune responses and the
composition of their microbiota. To explore the generality of our result, we next
examined competition between wild-type and SOS-off mutant in a C57BL/6 male mouse
model. In the control experiments with WT:WT strain competition, we observe a more
modest initial drop in CFU and higher sustained colonization levels relative to the CD-1
model. The initial CFU was ~109 per g stool and the CFU dropped to ~107 but
maintained those levels throughout the duration of the experiment, representing an ~102
higher level of colonization than observed in CD-1. Like the experiments in CD-1 mice,
we captured the colonization kinetics by taking fecal samples throughout the experiment,
and for each time point we determined the bacterial load and calculated the CI (Figure
4D). In C57BL/6 mice, by day 1 the SOS-off mutant was outcompeted by the wild-type
(log CI: -0.45, p<0.001). Further, by day 7 it was outcompeted by >10-fold (log CI: -1.2,
p<0.001). By the end-point evaluated (day 19) the SOS-off mutant was outcompeted by
>65-fold (log CI: -1.9, p< 0.001), suggesting a greater overall impact on sustained
colonization in the C57BL/6 model than in CD-1. As with the CD-1 colonization model,
the CI change was a result of decreasing CFU with SOS-off mutant, rather than
increasing CFU with the wild-type (Figure 4E). Although there were differences
regarding total bacterial burden and the extent of competition defect, the results were
similar in the two models suggesting that the reduced colonization capacity of the SOSoff mutant may not be specific to one strain or gender of mouse.
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2.3.3 The SOS-off mutant can independently colonize the murine gut.
In the experimental design, the streptomycin pre-treatment is believed to open a
niche to allow the MP1 strains to overcome colonization resistance. We considered
whether the competition defect seen between the wild-type and SOS-off strains was a
product of direct competition between the two strains in the same niches or whether the
SOS-off mutant is defective for sustained colonization of the gut in isolation. To
distinguish between these possibilities, two separate groups of CD-1 female mice or
C57BL/6 male mice were orally inoculated with either the wild-type alone or the SOS-off
mutant alone. In each system, the initial kinetics after inoculation were similar to those
observed in the competition experiment, and CFU subsequently stabilized in the gut
within one week. Notably, however, in both CD-1 and C57BL/6 mice, colony counts for
both the wild-type and the SOS-off mutant remained stable at > 4 weeks and there was
no statistical difference in colonization levels of the SOS-off mutant compared to that of
the wild-type (Figure 5). Stable colonization of the SOS-off mutant alone suggests that
direct competition with the wild-type occurs in the co-inoculation model and this direct
competition reduces the colonization capacity of the SOS-off mutant.
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Figure 5: Solo colonization of the adult mouse gut. Groups of 6-to-8 week-old CD-1
female mice (A) or 6-to-8 week-old C57BL/6 male mice (B) were orally inoculated with
either wild-type (black open squares) or the SOS-off mutant (blue filled squares). Fecal
samples were collected on various days post-inoculation, and the bacterial CFU per
gram of stool for each strain on a given day are shown. Each symbol represents one
animal, and the limit of detection was 102 for CD-1 mice and 103 for C57BL/6 mice. NS,
not statistical difference as determined by two-tailed unpaired Student t test.

2.3.4 Acute inflammation does not exacerbate the colonization defect.
In the in vitro competition experiments, in the absence of DNA damaging stress,
the SOS-off mutant does not have a fitness defect relative to the wild-type strain, but in
the presence of DNA damage a fitness defect manifests (Figure 4D). This implies that
the SOS-off strain is subject to a source of genotoxic stress in the mouse gut that
impacts sustained colonization. To examine the source of the environmental stress, we
next explored two sources of genotoxic stress: host inflammation or competing
commensal microbes.
We reasoned that one way to assess the impact of host inflammation would be to
chemically-induce acute gut inflammation using dextran sulfate sodium (DSS). This wellestablished model promotes acute colitis with an increase in cytokines, chemokines, and
nitric oxide, all of which could be a source of genotoxic stress for bacteria in the gut
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(Beck, 2004; Yan, 2009). A major characteristic of DSS-induced inflammation is an
outgrowth of Enterobacteriaceae presumably because E. coli can efficiently utilize
nitrates and formate to outcompete other bacteria in the gut (Winter, 2013; Hughes,
2017). To examine the impact of DSS, we first pre-colonized C57BL/6 male mice equal
mixtures of either the GFP-marked:mCherry-marked WT:WT or the WT:SOS-off strains.
Colonization was sustained for 13 days, at which point we administered 4% DSS in the
drinking water and mice could drink ad libitum. We collected fecal samples (Figure 6A)
until the experiment was terminated due to disease activity end-point as determined by
clinical criteria (Cooper, 1993). The presence of significant DSS-induced inflammation
was confirmed by disease activity index, gross colon examination, and histology
(Supplemental Figure 2).

Figure 6: Effect of host inflammation on colonization. (A) Schematic of colonization
protocol with DSS. Mice were inoculated with an equal mixture of either WT:WT or
WT:SOS-off strains. At 13 days post inoculation 4% DSS was administered in the
water. Mice were allowed to drink ad libitum. Fecal samples were collected at various
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days until the mice were euthanized. (B) Groups of C57BL/6 male mice were inoculated
with WT:WT strains (black filled circles) or WT:SOS-off strains (blue open circles). Log
competition index data are shown for each competition. The purple circles represent
mouse data replicated from Fig. 4 (from mice that did not receive DSS treatment) for
ease of comparison. Each circle indicates a specific animal. Significant p values are
noted (NS, no significance; *, < 0.01; **, <0.001), calculated using a one-sample t test.
(C) Shown are the CFU per gram of stool from the WT:SOS-off competition only. The
arrow indicates the start of continuous DSS administration. The analogous data from
the WT:WT competition are shown in Fig. S3. Each square represents the mean and
standard deviation of the results from all individual mice.

In the WT:WT control experiment, no competition was observed out to day 13
(log CI 0.2, ns) (Figure 6B). Administration of DSS resulted in a bloom of bacterial
counts, with a 2-log increase in the CFU three days after DSS administration
(Supplemental Figure 3), and no significant difference in the CI (log CI: 0.12, ns) (Figure
6C). In the WT:SOS-off competition, the strains tracked as expected, and by day 13
there was a ~10-fold difference in CFU (107 versus 108 log CFU/g stool), and an
associated log CI -1.5, p>0.001. Importantly, after DSS administration blooms were also
observed in both strains: by three days after DSS, wild-type increased CFU by ~2 logs
and the SOS-off mutant also increased by ~2 logs when averaged across the observed
mice. Thus, despite the induction of acute inflammation by DSS, and the associated
inflammatory mediators, the SOS-off mutant was able to expand in vivo to a degree
comparable to that of the wild-type. When the experiment was terminated due to disease
burden, the wild-type outcompeted the SOS-off mutant to a greater extent than prior to
DSS treatment (Figure 6B, log CI:-2.0, p> 0.001); however, the fitness defect in the
inflamed gut is not statistically different from the fitness defect we observed in the
healthy gut above (log CI: -2.0 and log CI: -1.9, respectively) (Figure 6B). Notably, in this
experimental setup, we also aimed to confirm that the feces were an accurate reflection
of colonization in the tissues. We collected cecal contents from the mice at the time of
sacrifice and plated them for bacterial counts. The cecal CFU patterns observed were
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consistent with those from the feces, confirming that feces are a reliable surrogate of the
gut colonization (Supplemental Figure 4). Taken together, DSS-mediated inflammation
thus does not amplify the defects in colonization by the SOS-off mutant to a significant
extent.

2.3.5 Eliminating endogenous microbes enhances fitness of SOS-off strain.
The fact that the microbiome can dynamically shift based on metabolic conditions
or disease states suggests that active competition between microbes is ongoing. As
such, we hypothesized that the gut microflora could be contributing to the reduction in
sustained colonization capacity of the SOS-off mutant relative to the wild-type. To test
this possibility, we orally inoculated germ-free C57BL/6 mice with equal mixture of the
SOS-off mutant and the wild-type and analyzed feces over ~3-week period. In this
setting, colonization differs from the standard C57BL/6 model in that there is no need for
streptomycin pretreatment. After inoculation, the total CFU reached levels of ~1012, and
only declined to levels of ~1010-1011 over the course of the experiment (Figure 7B). In
contrast to the standard model, where a time-dependent decline in the SOS-off strain
was observed, in this germ-free setting, the wild-type and SOS-off strains had similar
CFU counts throughout the experimental time course, and the log CI values did not differ
significantly from zero, indicating there was no competition defect (Figure 7A). To
confirm that the absence of a competition defect was not due to differential rates of
strain shedding from the colon, we determined the CFU of wild-type and SOS-off mutant
directly from cecal contents at the last time point. Once again differences were not
statistically significant (Supplemental Figure 4). Thus, while the wild-type outcompetes
the SOS-off mutant in a standard colonization model, having a functional SOS response
is not required for sustained colonization in the germ-free model, suggesting that the
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source of genotoxic stress requiring a functional SOS response is associated with an
intact gut microbiome.

Figure 7: Colonization of the adult mouse gut in a germ-free setting. Groups of 6to-week-old germ-free C57BL/6 mice were orally inoculated with an equal mixture of
WT:SOS-off strains. Fecal samples were acquired on various days post-inoculation and
at various days the (A) log competitive index and (B) CFU per g stool were determined.
NS, not statistically significant as determined by one-sample t test.

2.4 Discussion
The SOS response is a vital stress response pathway that has long been studied in
well-defined laboratory settings. These studies have been invaluable to our
understanding of the molecular basis of the SOS response and its role in regulating DNA
repair and genomic diversity. However, they only offer limited insight into the relationship
between the SOS response and complex physiological environments. Attempts to
examine the SOS response in a natural host have mainly focused on pathogens
(Quinones, 2006; Li, 2010) or specific gene products of the SOS regulon (Wagner, 2001;
Gamage, 2006; Justice, 2006; Bielaszewska, 2012). Collectively these studies suggest
that the SOS response is an important component for successful bacterial interaction
with the surrounding environment. However, knowledge of the broader role of the SOS
response in a commensal strain in a host environment was lacking. Significantly, our
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results demonstrate that the SOS response is important for sustained colonization of a
commensal E. coli strain in the murine gut. In two different mouse models (CD-1 and
C57BL/6) the wild-type strain outcompetes the SOS-off mutant in colonization.
Interestingly, in solo colonization experiments the SOS-off mutant was recovered in
statistically similar counts as the wild-type, suggesting that the competing strains occupy
the same niche in this model, and that competition was important to elicit the quantitative
differences between strains. This is the first report demonstrating that the SOS response
is important for sustained colonization of a commensal E. coli strain in the murine gut.
To more thoroughly capture the dynamic process of colonization, we took a
kinetic approach by monitoring bacteria burden and calculating CI continuously
throughout the experiment. Taking this kinetic approach, we draw two major
conclusions: First, our data imply that the bacteria are subject to low levels of DNAdamaging stress as they interact in the gut microenvironment. Data from the in vitro
experiments suggest that the growth and fitness defect of the SOS-off mutant is only
apparent in the presence of a DNA damaging agent. Notably, prior work in MG1655
demonstrates that for non-DNA damaging stressors, the SOS-off strain has comparable
fitness to a wild-type strain (Mo, 2016). During solo colonization the SOS-off mutant was
recovered at statistically similar CFU’s as the wild-type. We posit that the fitness burden
is enhanced in the presence of a wild-type strain because the wild-type strain can more
effectively respond to the low-level DNA damage. Thus, in the competition setting, the
SOS-off mutant can initiate colonization but cannot maintain it relative to the wild-type
strain. It is possible that if the time frame of the solo colonization experiment had been
extended there would have been an eventual decline in SOS-off colony counts in the
absence of competition.
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Second, the colonization kinetics suggest that the SOS response might be more
important for maintaining colonization than for initiating colonization. In the competition
experiments, although kinetics differed slightly between CD-1 and C57BL/6, both the
wild-type and the SOS-off mutant were recovered throughout the experiments, but there
was a subsequent time-dependent decline of the SOS-off mutant CFU. The more limited
effect during the first 24 hr aligns with a prior results in Vibrio cholerae (Quinones, 2006),
where wild-type and a SOS-off V. cholera were recovered in equal numbers at 24 hrs.
Such limitations in distinguishing initiation versus maintenance effects have previously
also been observed in the study of nitric oxide associated stress in the V. chloerae infant
mouse model (Stern, 2012). The results of short-term colonization with V. cholerae and
in our study, however, differ from those observed with UPEC, where initial colonization
of the urinary tract was compromised in an SOS-deficient UPEC strain (Justice, 2006; Li,
2010). These distinct findings illustrate that different host environments may have
different SOS response requirements. As important, these findings highlight potential
differences in mechanisms that might be at play in pathogens versus commensal.
For a resident microbe, the gut is a complex environment where there is an
interplay between host factors and competing microbes. To examine the effect of
perturbing the host environment we used DSS to induce inflammation. Inflammation is
often associated with an increase in DNA damaging stressors such as reactive nitrogen,
oxygen, and hypochlorite, and DSS has been linked to inducible nitric oxide synthetase
as bacteria breach the mucus layer (Johansson, 2010; Perse, 2012). However, DSSinduced inflammation had no effect on competition. We speculate that either the strains
are not directly subject to this associated inflammatory response, or as a host-adapted
strain they may have evolved means to adequately handle these inflammatory
responses independent of the SOS response. In this regard, prior work presents some
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stimulating results for further consideration in the context of our studies. In Salmonella,
an increase in phage transfer was noted to be dependent upon inflammation-induced
SOS response (Stecher, 2012; Diard, 2017). Interestingly, when mice defective in either
NO synthase-NADPH oxidase or myeloperoxidase were examined, reactive oxygen
species, nitrogen species, and hypochlorite production are decreased, yet phage
transfer occurred at similar levels to those observed the wild-type mice. These results
suggest that SOS-inducing stress associated with inflammation could be coming from
alternative sources, including competing microbes, rather than the host itself.
In germ-free mice, no competitive advantage was observed for the wild-type
relative to the SOS-off mutant. We envision at least two scenarios that can explain this
result, which are not mutually exclusive. First, given the absence of established
competing flora in the germ-free model, the E. coli strains expanded into niches where
host sources of DNA damage are minimal. In line with this possibility, the higher levels of
colonization suggest the possibility that alternative niches not present in the standard
model could dominate the population counts in the germ-free model making the fitness
defect undetectable. Second, it is possible that competing gut microbes are a potential
source of genotoxic stress in the standard model and absent in the germ-free model.
This explanation aligns with prior literature where SOS-controlled effectors, such as
Shiga toxin, have increased production in the presence of other microbes (Toshima,
2007). The fact that the defect in the SOS-off mutant was only apparent in the setting of
competition experiments in the intact microbiome model suggests that different factors
may be at play when a narrow niche is opened by streptomycin-pretreatment in the
standard model versus the wide-open sterile gut in gnotobiotic experiments. These
possible differences have implications for the streptomycin-treated mouse model, where
streptomycin is maintained throughout the duration of the experiment to sustain a
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colonizing strain. As streptomycin eliminates a significant portion of the microbial
diversity in the gut (Hentges, 1990), this model risks masking possible contributions from
microbes that are eliminated by this sustained selection.
The SOS response provides many diverse functions for the bacteria and,
consequently, multiple effectors could be contributing to sustained colonization of the
gut. Given its canonical function in DNA damage repair and tolerance, the inability to
rapidly repair the damage could contribute to the fitness defect of the SOS-off mutant.
However, non-canonical functions could also be relevant in the colonization model.
Interestingly, prior work in the streptomycin-treated model has suggested that colicinproducing bacteria better sustain long-term colonization of the mouse gut (Gillor, 2009).
MP1 harbors a plasmid with a colicin gene that contains LexA-binding motifs in its
promoter. While we did not aim to isolate the key SOS effectors that mediate sustained
colonization, it is conceivable that colicins may play a role. Moreover, given the diverse
and complex nature of the SOS regulon it is probable that multiple SOS controlled
effector proteins are responsible for the colonization defect of the SOS-off mutant.
Our results indicate that the SOS response contributes to full-fitness of a commensal
bacterium in the context of a natural gut environment. Beyond its implications in
colonization, this finding has added significance with regards to the generation of
genomic diversity in the gut. The SOS response is known to be a major driver of
mutagenesis via its DNA damage tolerance mechanisms and is associated with the
movement of larger blocks of DNA via control over phage induction and integrons
(Guerin, 2009; Hocquet, 2012). Our results imply that commensal bacteria are subject to
genotoxic stress that requires activation of the SOS response, even in the healthy
microbiome. In the absence of external stressors such as antibiotics, these commensal
organisms may still be triggering genome-diversifying activities that could promote the
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acquisition of mutations or genes associated with antibiotic resistance. Thus, the
relevance of stress responses and potential opportunities for targeting these responses
clinically could extend beyond acute infections and to chronic settings that may be
predisposed for infections to occur.

2.5 Materials and Methods
2.5.1 Congenic strain generation. The GFP- or mCherry-marked MP1 strains, also
known as MP7 and MP13, were previously described and used for strain construction
and competition experiments (Lasaro et al., 2014). The SOS-off mutant was constructed
in two steps, using the close linkage of lexA with malE. First, malE was deleted using
P1vir transduction from the Keio collection. Strains were confirmed by PCR and their
inability to grow in the presence of maltose as the only carbon source. Second, a
previously generated MG1655 lexAS119A strain, encoding LexA with a mutation in the
catalytic serine that renders it non-cleavable, was used to introduce the mutant lexA
allele (Mo, 2016). The lexAS119A allele was introduced into the malE strain by P1vir
transduction from lysate derived from the MG1655 lexAS119A. Strains with restored
malE gene were verified by their ability to grow on maltose as the only carbon source
and integration of the lexAS119A allele was confirmed by PCR and sequencing. Strains
are available upon request.
2.5.2 In vitro assays. SOS reporter assay. Induction of the SOS response was
monitored by reporter plasmids containing GFP under the control of the recA promoter
as described previously (Culyba, 2018). Briefly, bacteria were transformed with GFPreporter plasmids and cultured in defined media containing 1 x M9 salts (Sigma M6030),
0.4% glucose, 2 mM MgSO4, 0.1 mM CaCl2, 0.05% casamino acids and 30 µg/mL of
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kanamycin to maintain the plasmid. Overnight cultures were diluted 1000-fold into fresh
media and incubated with shaking at 37 ºC and grown until absorbance at 595 nm
(OD595) ~0.3. At this point 100 µL aliquots were dispended into a 96-well, round bottom,
transparent plate. DNA damage was induced with 50 ng/mL of ciprofloxacin dissolved in
PBS and an equivalent amount of PBS was added to control wells. The plates were
incubated at 37 ºC and GFP fluorescence intensity (RFU) and OD595 were acquired
every 5 minutes for 180 min on a Tecan Infinite F200 Pro multi-functional plate reader,
agitating before every data acquisition cycle.
Growth rates were measured as described previously (Mo, 2016). Briefly,
overnight cultures were diluted 1000-fold into fresh LB in the presence or absence of
sublethal concentrations of ciprofloxacin (5 ng/mL) and distributed into 96-well, round
bottom, transparent plates. Cultures were incubated at 37 ºC with cycled agitation and
OD595 measurements were taken continuously.
Competition assay was adapted from established protocols (Mo, 2016). Briefly,
overnight cultures of the gfp or mcherry tagged strains were standardized by optical
density. The strains were mixed at a 1:1 ratio and diluted 106-fold in 3 mL of LB in either
the absence or the presence of ciprofloxacin (5 ng/mL). The co-culture was incubated
overnight at 37 ºC with aeration for 24 hr. The next day, the overnight culture was diluted
106-fold and re-inoculated into fresh LB and grown for an additional 24 hr. To determine
the CFU of each strain, cultures samples were taken at time zero, after 24 hr, and after
the 48 hr growth period, plated onto LB agar + 15 µg/mL of tetracycline and incubated
overnight at 37 ºC. Plates were imaged using a previously described system that permits
detection of GFP and mCherry (Siryaporn, 2008). The relative fitness was then
calculated by comparison of the starting population and the population at each time
point, according to the formula of Lenski and coworkers (Lenski, 1991).
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2.5.3 Competition or solo colonization experiments. All animal studies were carried
out in accordance with the Institutional Animal Care and Use Committee of the
University of Pennsylvania. Animal protocols followed the guidelines established within
the “Guide for the Care and Use of Laboratory Animals” (8th ed.) published by the
National Research Council of the National Academies.
Experiments were performed with 6-8-week-old pathogen-free CD-1 female mice
purchased from Jackson Laboratories or pathogen-free C57BL/6 male mice purchased
from Charles River Laboratories. Germ-free C57BL/6 mice were maintained in plastic
isolator units and fed autoclaved chow and water. Each cage contained 4-5 mice. In the
standard protocol, to overcome colonization resistance the mice were provided 5 g/L
streptomycin and glucose in their drinking water for 72 hr. Fresh water, without antibiotic
and glucose, was then given to the mice for 24 hr prior to oral inoculation with E. coli
strains, and the mice were maintained on antibiotic- and glucose-free water for the
remainder of the experiment. For germ-free experiments, no streptomycin pretreatment
was performed. For the inoculum, bacterial cells were prepared by picking a single
colony from an LB agar plate and grown overnight with aeration at 37 ºC in LB. The
following day, OD595 was measured using a 1:10 dilution of the overnight culture and the
concentration of cells was calculated. Cells were spun down at 3800 x g at 4 ºC and
resuspended in cold phosphate-buffered saline (PBS). Cells were washed twice with
PBS and after the final wash cells were resuspended in a volume of PBS that equaled
~1010-1011 cells/mL. To start the competition experiment, the cell suspensions were
mixed 1:1 and mice were orally inoculated by gavage with 100 µL of the mixture. Solo
colonization experiments were performed by inoculating with 100 µL of the bacterial
suspension. A portion of the inoculum was serially diluted and plated on LB agar with 15
44

µg/mL of tetracycline to determine the input CFU. Throughout the experiments in
standard conditions, mice were raised on standard laboratory rodent diet (LabDiet 5001).
For experiments with the colitis model, at day 13 mice were given 4% dextran sulfate
sodium (DSS: Affymetrix molecular weight 40-50 kDa) in water and could drink ad
libitum. Disease activity score was monitored daily as described previously (Cooper,
1993). Disease activity score determined when the mice were euthanized. For
histopathology on the DSS-treated and not treated mice, tissues were fixed in formalin
and then processed by the University of Pennsylvania Comparative Pathology Core.
Samples were embedded in paraffin, sectioned, stained with hematoxylin and eosin, and
reviewed by a veterinary pathologist.
2.5.4 Determination of E. coli CFU. At each time point of interest, 3-4 stool pellets were
obtained from each mouse. The fresh feces were weighed and resuspended as a slurry
in PBS to the final concentration of roughly 0.5 g of feces per 1 mL PBS. The samples
were serially diluted and plated on LB with 15 µg/mL tetracycline. Fluorescence images
of plates were obtained as described above. The competitive index (CI) was determined
as [(mCherry fluorescent CFU/(GFP fluorescent CFU)]/[(input mCherry CFU)/(input GFP
CFU)] where the input CFU was determined from the inoculum.
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Chapter 3: The Role of Colicins During Commensal E. coli Colonization of
the Mammalian Gut
The contents of this chapter are currently being prepared as a manuscript for
publication.

3.1 Abstract
Colicins are specific and potent toxins produced by Enterobacteriaceae that result in the
rapid elimination of sensitive cells. Colicin toxins are ubiquitously found throughout
microbial species, suggesting their importance for bacterial survival in complex microbial
environments. Colicin biology has been predominately studied using theoretical and
synthetic laboratory models and it is unclear how colicin production contributes to
survival and fitness of a colicin producing commensal strain in a physiologic
environment. To address this gap, we took advantage of a natural E. coli commensal
strain, MP1, that produces a colicin toxin. We found that MP1 colicin was regulated by
the SOS response and was active against a phylogenetically diverse E. coli, Nissile
1917. MP1 is a natural colonizer of the murine gut, and thus can stably colonize the gut
without perturbing the indigenous gut microbiome. Using this model, we directly
interrogated the importance of colicin for MP1 survival in the gut. We showed that in a
healthy gut with an intact microbiome, sustained colonization does not require colicin
production. Our results suggest that colicin-mediated responses may not be critical as
commensals interact with a gut microenvironment. This report extends our
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understanding of the function of colicins during commensal colonization and calls into
question the importance of colicins for a commensal living in its physiologic niche.

3.2 Introduction
In most natural environments’ bacteria exist in diverse, highly populated, and
complex communities. For example, in a gram of soil there are roughly 1010 bacterial
cells with a species diversity of at least 4 x 103 (Torsvik, 1990). The numbers and
diversity are even more striking in the human colon where the current estimate of
bacterial density is approximately 3.8 x 1013 and the diversity is greater than 1000
species (Lozupone, 2012; Sender, 2016). In order to survive in these complex microbial
microenvironments, bacteria are engaged in a fierce competition for space and
resources (Hibbing, 2010; Stubbendieck, 2016). To respond to competitive challenges,
bacteria have evolved numerous and varied mechanisms to survive. Production of
antimicrobial molecules is one mechanism used throughout the microbial kingdom to
inhibit the growth and limit the survival of competitors (Czaran, 2001; Wloch-salamon,
2008). These antimicrobial molecules can directly target phylogenetically-different
species, related strains of the same species, or even genetically identical bacteria
(Claverys, 2007; Be’er, 2009). One specific class of antimicrobials are bacteriocins,
which are one of the most abundant and diverse classes of molecules found throughout
the bacterial kingdom. It is estimated that 99% of all bacteria synthesize at least one
bacteriocin and in some bacterial species multiple bacteriocins are produced
(Klaenhammer, 1988; Riley, 1992). Bacteriocins are toxins that have a very specific host
range and are generally lethal to strains competing for similar resources (Riley , 2002).

48

Escherichia coli produce a specific class of bacteriocins called colicins
(Cascales, 2007). Colicin genes are found within genomic clusters on colicinogenic
plasmids. These clusters contain the colicin gene, an immunity gene which confers
resistance to the cell against its own colicin, and a lysis gene which aids in colicin
release (Cascales, 2007). Colicins are incredibly prevalent in a microbial population.
Recent estimates have suggested that in a given human fecal sample at least half of the
E. coli strains will produce a type of colicin and some of those strains will produce more
than one colicin (Gordon, 2006). In a survey of feral house mice, 400 isolates of E. coli
were identified and of these strains, over 50% harbored colicinogenic plasmids (Gordon,
1998). The high frequency with which colicins are encountered in nature, and specifically
in the gut, suggest that colicins are vital to microbial communities, but the precise
functions remain unclear.
Colicins have been proposed to promote the survival of the colicin-producing
strain and, simultaneously, modulate the broader microbial community. The specificity of
colicin targets suggest they may aid in promoting E. coli niche survival in the intestinal
microbiota (Hibbing, 2010), enabling it to survive in a highly competitive environment
(Riley, 1999). In vitro experiments have demonstrated that colicin expression is tightly
regulated by nutrient limitation or the SOS response suggesting that colicin production is
critical during times of stress when competition for resources is even more limiting
(Gillor, 2008; Ghazaryan, 2014)

Laboratory-based studies have suggested that colicin

production may limit the invasion of competing microbes into an occupied niche (Kerr,
2002). Further, colicin production in the setting of an inflammatory environment provides
a competitive advantage to the invading colicin-producing strain, enabling it to displace a
colicin-sensitive strain (Nedialkova, 2014).
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However, these studies do not address

whether colicin production contributes to E. coli survival and persistence in a stable
physiologic niche.
The mammalian gut is characterized by a high density and diversity of microbes
all of which co-exist in a natural equilibrium thus making it an ideal ecosystem to
investigate the functional consequences of colicin production for sustained colonization.
In that regard, few empirical studies have been published to elucidate the role of colicin
production for successful E. coli colonization in the unperturbed mammalian gut. In a
study evaluating colonization and Enterococcus faecalis, a pheromone-responsive
conjugative plasmid encoding bacteriocin 21 was demonstrated to be important in
colonization, outcompeting E. facecalis strains that lacked the bacteriocin (Kommineni,
2015). In another study, streptomycin-treated mice were inoculated with either a colicinsensitive E. coli strain, a colicin-producing E. coli strain, or a colicin-resistant E. coli
strain. The mice were co-housed, and strain dynamics were monitored. In this model,
the colicin-producing strain generally out-competed the other strains (Kirkup, 2004). In
another streptomycin-treated mouse model, colicin-producing E. coli strains had
increased persistence in the mammalian gut compared to non-colicin-producing E. coli
strains (Gillor, 2009). Further, in that study, colicin-producing strains also maintained
significantly higher densities than the non-colicin producing strains.
Taken together these studies imply a significant role for colicins for bacterial
colonization of the mammalian gut. However, for both E. coli colonization models, the
experiments deviate from a natural setting in two fundamental ways. First, the mice were
treated with streptomycin throughout the duration of the experiment. For most
colonization models, streptomycin pretreatment is necessary to overcome colonization
resistance, but it reduces microbial diversity and alters the mouse immune status
(Hentges, 1990; Bazett, 2016). Second, E. coli strains used in this study are not natural
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colicin-producing isolates. Engineering naturally-sensitive E. coli strains to produce
colicins could have unknown consequences to bacteria physiology. Therefore, it is still
not clear whether colicin production is a requirement for a commensal living in its natural
niche in an unperturbed environment.
In this study we aimed to characterize the functional consequences of colicin
production in a natural enteric commensal E. coli, MP1. Commensal bacteria are
instrumental in regulating gut homeostasis; however, the molecular effectors
commensals utilize in order to interact with the surrounding microbial community and
host remain largely unclear. Deciphering these effectors in the context of a healthy
mammalian gut is critical given the critical role of the microbiome in preventing both
bacterial and nonbacterial associated diseases. MP1 is a natural mouse isolate and can
sustain colonization in the gut in the absence of exogenous antibiotic treatment (Lasaro,
2014). MP1 has a naturally occurring plasmid-encoded colicin genomic cluster, thus
making it an ideal model to examine the role of colicin in promoting sustained
colonization in an unperturbed environmental niche.
We found that MP1 colicin is regulated by the SOS response, a DNA-damage
inducible stress response pathway, thus suggesting that MP1 colicin is expressed during
times of genomic stress. MP1 has a narrow spectrum of activity, similar to other
characterized colicins (Gillor, 2008), but this activity is against a phylogenetically distant
Enterobacteriaceae. Importantly, we identified a natural human E. coli isolate, Nissle
1917 as being sensitive to MP1 colicin. In head-to-head in vitro competition experiments,
wild-type MP1 outcompeted Nissle 1917, and this fitness advantage was dependent
upon colicin production. After establishing the importance of colicin production in vitro,
we moved to a natural in vivo model. We first asked whether colicin production of the
wild-type MP1 strain provided a colonization advantage in competition with a colicin51

deficient, yet resistant, MP1 strain. In this model, colicin production did not provide a
fitness advantage, and both strains co-existed throughout the duration of the experiment.
Further, the colicin deficient strain was capable of solo colonizing the murine gut,
suggesting that in the gut of a healthy mouse, colicin production is not required for
sustained colonization. Our work suggests that a commensal E. coli living in its
ecological niche may not encounter microbial competition that necessitate colicin
production. Our work lays the groundwork for further exploration into the environments
that require colicin production for bacterial survival.
3.3 Results
3.3.1 The SOS response regulates colicin production in a commensal E. coli
strain, MP1.
Previous work by our group identified the murine commensal E. coli, MP1, as
harboring a 8.5-kb plasmid that carries a colicin gene with substantial homology to the
previously-characterized colicin genes, colicin Y and colicin U (Table 1) thus suggesting
MP1 colicin is a pore-forming colicin (Riley, 2000; Lasaro, 2014).

COLICIN PROTEIN

COLICIN Y

COLICIN U

99.5%

99%

Table 1: Amino-acid sequence identity of MP1 colicin with closely related
colicins, U and Y

Colicin production is tightly regulated and often only produced during times of stress
(Ghazaryan, 2014). Therefore, we wanted to first investigate MP1 colicin regulation in
order to understand what environmental stressors might precipitate colicin production in
MP1. In E. coli, the expression of many colicins is triggered by DNA damage due to
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regulation by the SOS response (Jerman, 2005; Cascales, 2007; Gillor, 2008). In the
absence of DNA damage, transcription of SOS-controlled genes is repressed by LexA,
the regulator of the SOS response. In the presence of DNA damage, LexA repression is
relieved and transcription can occur. Genetic analysis of the promoter region of the MP1
colicin gene showed two overlapping canonical SOS-boxes where LexA could bind
(Figure 8A). This suggests the possibility that MP1 colicin is regulated by the SOS
response and is only produced in the presence of genotoxic stress. Additionally, MP1
colicin promoter region contains an IscR binding site upstream of the overlapping SOSboxes, suggesting another possible layer of colicin regulation.
We wanted to confirm whether DNA damage influenced colicin expression in
MP1. To do this, we engineered a reporter plasmid which places the green fluorescent
protein gene (gfp) under the control of the promoter region of the MP1 colicin gene. As
a control, we placed gfp under the regulation of another SOS-inducible promoter (that of
the dinB gene) (Zaslaver, 2006). In the absence of UV light (50 J/m2) as the DNAdamaging agent, there was no expression of GFP whereas in the presence of UV light
there was inducible expression of GFP (Figure 8B). The GFP expression pattern of the
colicin promoter mirrors the expression pattern of the dinB promoter, suggesting there
may be a delay in colicin induction from the initial activation of the SOS response. SOScontrolled genes display time-dependent kinetics with some genes being induced early
in the SOS response, such as recA, and others being induced late in the response, such
as dinB (Courcelle, 2001; Culyba, 2018). The timing of GFP expression suggests that
MP1 colicin expression is expressed later in the SOS response which is consistent with
previous analysis of SOS-controlled colicins (Herschman, 1967) To verify the timing
kinetics of the colicin promoter, we repeated the experiment in the presence of the SOSinducible promoter, recA, which is expressed early in the activation of the SOS response
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(Supplemental Figure 5). GFP induction occurred by 25 min for the recA promoter and
35 min for the colicin promoter reinforcing the conclusion that colicin production occurs
later in the SOS response. For some colicins the delayed expression is aided by IscR
(Iron-sulphur cluster regulator) which stabilizes LexA dimers at the promoter, delaying
the expression of colicin until there is also a depletion of nutrients (Butala et al., 2012).
Since MP1 colicin has an IscR binding site upstream of the SOS-boxes this suggests
that this mechanism may be relevant in MP1.

Figure 8: SOS regulation of MP1 colicin. MP1 production of colicin is SOS regulated
(A) sequence analysis revealed two overlapping SOS boxes upstream of the ribosome
binding sequence and start codon. (B) DNA damage reporter assay. WT strains with a
SOS reporter plasmid, containing GFP under the control of colicin promoter or dinB
promoter were examined in the presence or absence of UV light. (C) SOS-dependent
reporter assay. The WT or SOS-off strain with the colicin promoter SOS reporter
plasmid were both examined in the presence or absence of UV light. For both GFP
experiments, the time-dependent induction of GFP is represented as fluorescence
intensity normalized to optical density at 595 nm. The error bands show the standard
deviations of results from three independent biological replicates for each condition.
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To confirm that the expression of gfp from the colicin promoter was due to LexA
cleavage and SOS induction, we utilized a previously-constructed MP1 strain that cannot
activate the SOS response: SOS-off (Samuels, 2019). This strain encodes a
catalytically-inactive LexA protein via a single point mutation that prevents the LexA
cleavage reaction, keeping LexA in the DNA-bound repressor state and effectively
repressing the SOS regulon (Little, 1984; Mo, 2016). This mutant strain was transformed
with the gfp-colicin promoter construct and GFP fluorescence was monitored in the
presence and absence of UV light (50 J/m2) (Figure 8C). As expected, the SOS-off strain
showed no induction of GFP in either condition, thus indicating that colicin production is
dependent upon DNA damage and the SOS response. In the absence of UV light, there
was slightly elevated GFP expression in the wild-type strain relative to the SOS-off
strain. This is explained by the basal level of activity commonly seen with SOS-regulated
genes due to spontaneous induction of the SOS response as a result of double-strand
breaks (Pennington, 2007). Further, this result confirms the tight repression of LexAcontrolled genes in the presence of the catalytically-inactive LexA mutant.

3.3.2 MP1 colicin is active and depends upon a functional SOS response.
We next wanted to demonstrate that MP1 expressed an active colicin protein. To do
this, we induced colicin production in wild-type MP1 by UV light and spot plated serial
dilutions of cell lysate on soft agar plates containing laboratory strain MG1655. The
zones of inhibition were determined by scoring for either clear zones for complete
inhibition or turbid zones for partial growth inhibition. In the absence of UV light
exposure, basal levels of colicin production were observed as there was turbid zone of
growth only for the undiluted colicin sample (Figure 9A). This result was expected
because of the basal levels of colicin produced in a population as discussed previously
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(Pennington, 2007). After UV light exposure, however, clear zones of inhibition were
seen up to a dilution of 103 suggesting significant colicin production.

Figure 9: MP1 colicin is active A) inhibition halo of E. coli MG1655 by cell lysates of
wild-type MP1 either exposed to UV or with no UV exposure B) SOS-off mutant, and
recA mutant either exposed to UV or with no UV exposure.

To reinforce SOS regulation on MP1 colicin expression, we employed our previously
constructed SOS-off mutant and another MP1 strain, recA. Deleting recA prevents
LexA cleavage from occurring as the RecA protein is essential for LexA cleavage in vivo
thus rendering the bacteria unable to activate the SOS response. Utilizing this recA
strain is an orthogonal method of turning off the SOS response that should largely
phenocopy the results seen with the SOS-off mutant (Mo, 2016). If the two strains
provide similar results it would strengthen the conclusion that MP1 colicin is regulated by
the SOS response. As such, cell lysates of SOS-off and recA strains were prepared
and spot plated as previously described. In the absence of exposure to UV light there
were no clear or turbid zones of inhibition seen for either strain (Figure 9B). After UV
exposure, there remained no clear or turbid zones of inhibition, suggesting there were
undetectable colicin levels. This confirms that the SOS response is required for colicin
production. Further, there was no evidence of basal colicin expression in either mutant
suggesting that colicin production may be extremely limited in the absence of a
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functional SOS response. Collectively, these data demonstrate that MP1 produces an
active colicin in the presence of genotoxic stress suggesting that MP1’s colicin is
important for MP1 during times of stress.

3.3.3 MP1 colicin selectively targets Enterobacteriaceae species and enhances
MP1 fitness.
Given that MP1 colicin is produced in the presence of DNA damage in an SOSdependent manner, we next addressed the physiological relevance of MP1’s colicin. To
investigate the activity spectrum of MP1 colicin, we screened both pathogenic and nonpathogenic Enterobacteriaceae species for their sensitivity to MP1 colicin (Table 2). We
screened representative Escherichia coli strains, which include commensals from group
A and B2, an extra-intestinal E. coli that is closely related to MP1, intestinal pathogens,
and an “atypical” E. coli Clade 1 isolate. Further, recent work has suggested that some
colicins can kill phylogenetically-distant bacterial species (Riley, 2003) and therefore, we
screened Salmonella strains with different host reservoirs, a representative Vibrio
cholerae strain, and a clinical isolate of Klebsiella pneumonia. We observed that all
strains tested were resistant to the colicin except for Escherichia coli Nissle 1917.
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Strain
Vibrio Cholerae C6076
Klebsiella pneumonia
S. typhimurium
14028s
S. typhimurium AJB3
S. Gallinarum
ATCC700623
S. Newport SL254
E. coli E2348/69
E. coli CFT073
E. coli Nissle 1917
E. coli 042
E. coli HS
E. coli O157:H7
EC4115
MG1655

TW10509

Relevant
characteristics
El Tor, O1

Sensitivity
profile
Resistant

ST-11 serogroup
Outgroup GC1

Resistant
Resistant

(Joelsson,
2006)
J. Zhu
(Jarvik, 2010)

Biovar Gallinarum

Resistant
Resistant

D. Schifferli
D. Schifferli

S. Newport IIC
Group B2,
EPEC
Group B2,
UPEC
Group B2,
Commensal
Group D,
EAEC
Group A,
Commensal
Group B,
EHEC
Group A,
Commensal

Resistant
Resistant

D. Schifferli
(Iguchi, 2009)

Resistant

(Mobley, 1990)

Sensitive
Resistant

(Grozdanov,
2004)
(Nataro, 1985)

Resistant

(Rasko, 2008)

Resistant

(Eppinger,
2011)
E. coli Genetic
Stock Center,
CGSC no.
7740

Clade I,
ETEC

Resistant

Sensitive

Citation

(Luo, 2011)

Table 2: Characteristics and sensitivity profile of strains used to test the activity
spectrum of MP1 colicin.
Abbreviations: EPEC, Enteropathogenic E. coli, UPEC, Uropathogenic E. coli, EAEC,
Enteroaggregative E. coli, EHEC, Enterohemorragic E. coli, ETEC, Enterotoxigenic E.
coli

We then wanted to understand whether the MP1 colicin is an important component of
MP1’s ability to compete with other Enterobacteriaceae. For this experiment we chose
the colicin sensitive strain, Nissle 1917 and E. coli HS as our representative resistant
strain (Grozdanov, 2004; Rasko, 2008). E. coli HS was selected because it is also a
commensal. We performed in vitro pairwise fitness competitions with MP1. Both the
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Nissle 1917 strain and the HS strain are marked with a tetracycline resistance cassette
and mCherry under the tight control of a tet promoter (Lasaro, 2009). For the competition
experiments we utilized a wild-type MP1 derivative containing GFP under the control of
the tet promoter to allow facile discrimination of the MP1 strain and either mCherryNissle 1917 or mCherry-HS. To understand the contribution of MP1 colicin to the fitness
of MP1 we constructed a colicin-deficient MP1 strain replacing the colicin protein with a
kanamycin-resistant cassette and verified that the colicin-deficient mutant no longer
secreted colicin and had similar growth kinetics as the wild-type strain (data not shown)
(Murphy, 2003). The colicin-deficient strain was constructed in a wild-type MP1
derivative containing GFP under the control of the tet promoter to again allow for facile
discrimination of this strain and the mCherry-Nissle 1917 or mCherry-HS strain.
In the case of the colicin resistant strain, HS, no fitness defect was observed in the
presence of wild-type MP1 or the colicin-deficient strain for either 24 or 48 h (Figure
10A). However, the wild-type MP1 strain rapidly outcompeted Nissle 1917 with no
detectable colonies after 24 h (Figure 10B). In the presence of the colicin-deficient strain,
the large fitness defect was abrogated thus suggesting MP1 colicin is negatively
affecting the fitness of Nissle 1917. In the presence of the colicin-deficient strain, Nissle
1917 still had a mild fitness defect, suggesting that there are other factors that could
enhance MP1 fitness in competition with Nissle 1917. Nevertheless, this data supports
the conclusion that colicin production augments the fitness advantage of MP1 over
Nissle 1917 and has no effect in the competition with a colicin-resistant strain, HS.
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Figure 10: MP1 colicin provides a fitness advantage in vitro (A) Relative fitness
levels were evaluated in competition experiments between mCherry labeled E. coli HS
(B) and mCherry labeled E. coli Nissle 1917 at 24 h and 48 h. The mean fitness level
was calculated from four independent competition experiments. No colonies were
detected with Nissle 1917 at 24 h and 48 h, with the top of the error bar representing
the limit of detection.

3.3.4 The colicin-deficient strain has equal fitness relative to the colicin-producing
strain.
MP1 colicin is active against select Enterobacteriaceae and in the presence of
MP1 colicin-sensitive E. coli, provides MP1 with a fitness advantage over the colicinsensitive strain. Taken together these data suggest that MP1 colicin may be an
important tool for MP1 in order to survive in its natural environmental niche, the
mammalian gut. Therefore, we sought to understand the whether MP1 colicin promotes
successful colonization of MP1.
MP1 is an ideal model to study the importance of colicin production for
commensal colonization because MP1 is a natural E. coli mouse isolate and thus can
achieve stable colonization in the absence of continuous antibiotic treatment. Most E.
coli colonization studies enrich for the strain of interest by engineering the strain to be
streptomycin resistant and treating the mice with streptomycin for the duration of the
experiment (Sweeney, 1996; Meador, 2014). Streptomycin treatment overcomes
colonization resistance by eliminating significant numbers of facultative anaerobes
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effectively reducing the microbial diversity in the murine gut (Hentges, 1990; Bazett,
2016). In contrast, the MP1 model has a brief streptomycin pre-treatment followed by a
24 h washout period where streptomycin is removed from the water and fresh water is
supplied for the remainder of the study. After 5 to 6 days following streptomycin
treatment, the normal flora rebounds (Antunes, 2011), allowing us to address whether
colicin production impacts colonization in a gut with the associated microbial diversity
intact.
First, we wanted to explore whether colicin production was important for MP1 to
colonize the murine gut. To do this we utilized our previously-constructed colicindeficient strain which has a kanamycin resistance marker in place of the colicin gene. In
the construction of the colicin-deficient mutant, only the colicin gene was disrupted. The
MP1 plasmid encodes not only the colicin, but genomic analysis revealed the presence
of lysis and immunity proteins, which is consistent with colicinogenic plasmids
(Cascales, 2007). Importantly, the immunity protein confers resistance to the produced
colicin. We tested the functionality of the immunity protein in the colicin-deficient mutant
and found that indeed the colicin-deficient mutant maintained resistance to the colicin
(data not shown). Therefore, using this strain we could specifically interrogate whether
the lack of colicin production was important for MP1 colonization.
Taking advantage of the well-established MP1 mouse model, we orally
inoculated C57BL/6 male mice with equal mixtures of colicin-deficient mutant gfpmarked strain and a wild-type mCherry-marked strain. With the aim of understanding
colonization dynamics, we quantified the initial inoculum and collected feces both at the
beginning of the experiment and continuously throughout the experiment. At each time
point, feces were normalized by weight, serially diluted, and plated onto LB agar
containing tetracycline which permits selection of the MP1 strains and induces the
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expression of either gfp or mCherry (Figure 11A). We calculated the competitive index
(CI) in order to quantify the relative fitness of the colicin-deficient mutant relative to the
wild-type strain. CI was calculated by taking the ratio of input CFU counts to output CFU
counts. Up to 7 days post-inoculation the was no colonization defect between the wildtype versus the colicin-deficient mutant (Figure 11B, log CI 0.061). By day 28, however
there was a mild colonization defect where the wild-type strain outcompeted the colicindeficient strain by 5-fold (log CI -0.5). CFU counts of each strain reflected the
competitive index in that the wild-type strain sustained slightly higher levels then the
colicin-deficient strain (Figure 11C). Our data indicates that both strains can stably cocolonize the murine gut, and in this mixed population the inability to produce colicin has
minimal impact on colonization.

Figure 11: Competition in the adult mouse gut. (A) Schematic of the colonization
protocol. Mice were inoculated in a 1:1 ratio of either strain and fecal samples were
collected at various days post-inoculation. Fecal samples were serially diluted and
plated onto LB/tetracycline plates. A representative plate is shown. (B-C) groups of 6to-8 week old C57BL/6 mice were co-inoculated. (B) Log competitive index (CI) was
calculated by taking the ratio of the output colonies normalized to the input ratio. Each
circle represents one specific animal. (C) CFU counts per gram of feces for the
competition experiment. Each square represents the mean and standard deviation from
all the individual mice. Limit of detection was 103.
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3.3.5 Sustained colonization does not require colicin production.
Given that previous work has suggested that colicin production may be
important for sustained bacterial colonization (Gillor, 2009), we wanted to further
investigate the colonization ability of the colicin-deficient strain. Further, since the colicindeficient strain is also resistant to the colicin, we thought it could be conceivable that the
engineered strain was taking advantage of wild-type colicin production. Therefore, we
wanted to determine whether the colicin-deficient strain was benefitting from the colicin
production of the wild-type strain thus masking any fitness defect.
To address this possibility, we tested the ability of the colicin-deficient mutant to
colonize the murine gut independent of the wild-type strain. We orally inoculated
C57BL/6 male mice with either the wild-type strain alone or the colicin-deficient strain
alone. In both systems, there was no statistical difference between the colonization
levels of the colicin deficient mutant and the wild-type strain (Figure 12). The ability of
the colicin-deficient strain to stably colonize the murine gut indicates that in the direct
competition experiment with the wild type strain, the colicin-deficient strain was not
significantly benefiting from colicin production. Taken together our data indicates that in
an unperturbed gut environment, sustained colonization does not necessitate colicin
production. Our data further suggests that MP1 existing in its natural niche environment
may not face bacterial competition that requires colicin production.
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Figure 12: Solo colonization of colicin-deficient strain in the adult mouse gut.
Groups of 6-to-8-week-old C57BL/6 male mice were orally inoculated with either the
wild-type strain (black squares) or the colicin-deficient strain. On the days indicated,
fecal samples were collected and CFU counts were determined Each square
represents one mouse and the limit of detection was 103.

3.4 Discussion
Colicin production is a generally assumed to be a critical mechanism by which
Enterobacteriaceae compete with closely-related species during times of stress and
scarcity of resources. The abundance and diversity of colicins points to their importance
in promoting successful bacteria survival in complex dynamic microbial communities
(Riley, 1998). Further, theoretical and in vitro studies have proposed that colicin
production ensures survival of the producing bacteria (Czaran, 2001; Kerr, 2002). These
studies have generated a plethora of models suggesting that colicin production is a
critical component for successful bacterial survival and interaction with the natural
environment. However, with a few exceptions, they lack direct testing in complex
physiological environments.
The mammalian gut is composed of over 1013 bacteria and the intimate
connection between host health and the microbiota make the gut an ideal setting to test
the importance of colicin production in a complex microbial environment. Prior attempts
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to address this question utilized mouse-models where the resident facultative anaerobes
had been eliminated and E. coli strains had been engineered to express a colicin of
choice (Kirkup, 2004; Gillor, 2009). Collectively, those studies suggest the importance of
colicin production for gut colonization. However, whether a natural colicin-producing E.
coli commensal requires colicin production for sustained colonization in an unperturbed
mammalian gut remained unclear. Towards that end, the aim of this study was to
characterize colicin production in the natural E. coli MP1, and to directly interrogate the
fitness benefit of colicin production for MP1. Importantly, our results indicate that colicin
production provides a fitness benefit in the presence of sensitive strains in vitro, yet
interestingly, in a healthy mouse gut with an intact microbiome, MP1 does not require
colicin production for sustained colonization. This is the first report demonstrating that in
an unperturbed gut microbiome, colicin production is expendable for colonization of a
commensal E. coli strain.
Here, we demonstrate that MP1 colicin production is increased in the presence of
genotoxic stress in a SOS-dependent manner. The SOS response is a DNA damage
repair pathway that is tightly regulated and poised to rapidly respond to genomic stress.
Genes regulated by the SOS response are induced in a highly-organized chronological
manner where the first genes to be induced are those involved in error-free repair and
the last genes to be induced are those involved in error-prone repair (Courcelle, 2001;
Friedman, 2005). Error-prone repair reduces genomic integrity and can introduce lifepromoting adaptive mutations but can also result in mutations that are deleterious to the
cell (Foster, 2007). Consequently, it is hypothesized that induction of error-prone repair
is reserved for when there is extensive or sustained DNA damage. MP1 colicin
production is induced later in the SOS response suggesting that colicin production is
reserved for times of sustained or considerable DNA damage (Butala, 2012). It is
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intriguing to consider in this context how colicin production could synergize with the
theory of kin selection and cooperation (Wall, 2016). Colicin production results in lysis of
the producing cell (Majeed, 2013) thus, in this model, colicin production would occur in
cells whose probably of surviving the genomic insult is incredibly low. Colicin release
could have two major functions for the clonal population at large; one it could serve as a
signal to surrounding clones of genotoxic stress, or two, it could assist in the survival of
the population by killing the competitor bacteria.
Previous work in our lab reported that the SOS response is important for
sustained colonization of MP1 in a natural gut environment (Samuels, 2019). In that
report, an SOS-off mutant had a colonization defect relative to a wild-type strain, and we
speculated that the loss of colicin production might contribute to the reduced fitness of
the SOS-off mutant. The results presented here suggest that the fitness defect of the
SOS-off mutant in the unperturbed gut might be independent of colicin production. It is
possible that the genotoxic stress experienced during colonization is not enough to
activate late SOS-induced genes but is enough to require activation of early SOSinduced genes. Additionally, the fitness defect of the SOS-off mutant persisted in the
setting of DSS-induced gut inflammation. Here, we did not test the role of colicin
production during gut inflammation and it is possible that different SOS-controlled
effector proteins are responsible for the colonization defect of the SOS-off mutant in
different gut environments.
Colicins are potent and specific toxins that result in the rapid elimination of sensitive
bacteria (Riley, 2007). The narrow toxin range of colicins supports a model that colicins
are important in order to mediate intra-species population dynamics (Riley, 1999).
However, there are reports that suggest some colicins have a broader phylogenetic
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killing range and consequently could possibly mediate population dynamics on a
community level (Riley, 2003). The killing breadth of MP1 colicin was investigated by
screening various E. coli isolates that are representative of different phylogenetic
groups. Among the bacteria screened, we found that MP1 colicin potently inhibited E.
coli Nissle 1917. MP1 colicin did not inhibit strains closer phylogenetically to MP1 such
as the E. coli UPEC strain CFT073 and the E. coli EPEC strain E2348/69. This was
surprising because even though Nissile 1917 and MP1 are both within the B2
phylogenetic group, Nissle 1917 is more distantly related to MP1 than other E. coli
strains tested. Therefore, from our representative screen of Enterobacteriaceae species
it seems that MP1 colicin is an example of a colicin that has a broad phylogenetic range
and thus could mediate community level population dynamics. It would be interesting to
screen more enteric bacteria to investigate whether a pattern of killing emerges.
Additionally, Nissle 1917 is an efficient colonizer of the human gut and as such is being
used as a commercially available probiotic (Grozdanov, 2004). Interestingly, however,
Nissle is a poor colonizer of the murine gut and cannot sustain colonization past 6 days
(Lasaro, 2014). MP1 is naturally isolated from the mouse gut and raises the interesting
question of whether there is direct competition of Nissle and MP1 for the same
resources in the murine gut. If Nissle is in direct competition with MP1 in the murine gut,
colicin production by MP1 could be one reason Nissle is not successful in efficiently
colonizing the mouse gut.
In in vitro competition experiments, MP1 colicin production provided MP1 with a
competitive advantage over colicin-sensitive strains suggesting that colicin production for
MP1 is important for MP1 to successfully compete with surrounding bacteria. Yet, in a
mouse gut with an intact microbiome, sustained colonization did not require colicin
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production. In competition with a colicin-deficient but resistant strain, both strains coexisted for the duration of the experiment with only a mild fitness defect. Importantly, we
wanted to verify that the colicin-deficient strain was not capitalizing on colicin production
of the wild type strain, essentially participating in cheating behavior (Ozkaya, 2017). In
this scenario, the colicin-deficient yet resistant strain would be benefiting from colicin
production and not paying a cost, thus being able to coexist and masking a fitness defect
associated with loss of colicin production. However, during solo colonization, the colicindeficient mutant was recovered with similar CFU to that of the wild type strain suggesting
that the colicin-deficient strain can successfully colonize the murine gut independent of a
colicin producing strain.
It is possible that if the duration of the solo colonization experiment had been
extended there would have been a reduction in colicin-deficient colony counts. The
importance of colicin production for long term colonization has been previously observed
and in that experiment the benefit of colicin production was revealed only after ~ 3
months of colonization (Gillor, 2009). However, that experiment was done in the context
of an altered microbiome with the mice being continually fed streptomycin for the
duration of the experiment. It is entirely possible that in a streptomycin treated mouse,
colicin production is critical because of the perturbations to the gut microbiome induced
by streptomycin
The results of our mouse competition studies parallel theoretical studies which
predict in a mixed population, colicin production will promote a population of bacteria
where colicin-sensitive, colicin-resistant, and colicin-producing strains all co-exist, thus
enhancing bacterial diversity (Durrett, 1997; Kerr, 2002). In our model, both the colicinresistant and the colicin-producing strain co-existed throughout the experiment. Our
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data, however, deviates from a prior in vivo colicin competition study which
demonstrated that strain diversity decreased over time (Kirkup, 2004). There are two
main explanations for the discrepancy. First, in the previous study, the mice were treated
with streptomycin throughout the experiment thus eliminating a significant portion of
microbial diversity and subsequently impacting the homeostatic environment of the gut
microbiome. Second, our experiments were terminated after 4 weeks. It is conceivable
that population dynamics were not captured completely in this time frame and if the
duration of the experiment was increased one strain would have eventually dominated.
Overall, the results of our study combined with previous data suggest a model
where the fitness afforded by colicin production may depend upon the environmental
condition. MP1 is a natural E. coli isolate of the murine gut and, by extension, when it is
colonizing a healthy mouse gut the environmental stressors might be minimally
perturbing. In light of our previous study demonstrating a role for the SOS response
during MP1 colonization of the murine gut, it is possible that basal genotoxic stress is
present requiring some activation of the SOS response, but the genotoxic stress is not
extensive enough to induce colicin production in any appreciable amount. Our model is
further supported by a report from Nedialkova et. al. where Salmonella enterica serovar
Typhimurium strain SL1344 carrying a ColIb colicin gene out-competed a colicin
sensitive E. coli MG1655 in the inflamed gut (Nedialkova, 2014). Importantly, in the
absence of inflammation there was no benefit to colicin production.
With these results in mind, it is interesting to speculate on the microbial equilibrium
that may be ongoing even in densely-colonized environments like the mammalian gut. It
is reasonable to propose that in the absence of exogenous perturbations competition
between bacterial communities is not as fierce as previously imagined, but instead these
communities exist in a delicate equilibrium that does not require routine activation of
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bacterial defense mechanisms. This report does not address whether colicin production
is required when there is direct competition for the niche from a colicin-sensitive strain
nor does it address how colicin production alters the fitness of MP1 when there are
perturbations to the homeostatic environment. Both of these fundamental questions are
being actively explored in our lab. The model used here mimics the microbiome of a
healthy mammal living in the wild. In this setting, colicin production is not required for
sustained colonization and suggests that maintenance of microbial diversity and fitness
in homeostatic environments may rely on alternative mechanism besides colicin
production.

3.5 Materials and Methods
3.5.1 Isogenic strain construction. The mCherry-marked MP1 (also known as MP7),
E. coli Nissle 1917, and E. coli HS strains were previously described and used for
competition experiments (Lasaro, 2009, 2014). The GFP-marked MP1 strain

(also

known as MP13) was used for colicin-deficient strain construction and competition
experiments (Lasaro, 2014). The colicin-deficient strain was constructed by deleting the
colicin gene (colY) via recombineering (Murphy, 2003) and replaced with a kanamycin
resistance cassette. The ColY gene is on a plasmid and care was taken to remove the
WT plasmid by re-streaking the strain on increasing concentrations of kanamycin. The
colonies were screened by PCR for loss of the WT plasmid. The SOS-deficient MP1
strain was described previously and used for the GFP reporter assay (Samuels, 2019).
The recA MP1 strain was constructed by transduction utilizing a recA+ donor strain BW
26547 recA::kan Lambda recA+. Integration of recA::kan was confirmed both by growing
the strain in the presence of kanamycin, and by PCR and sequencing.
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3.5.2 GFP-reporter assays. Induction of the colicin promoter following DNA damage
was monitored by constructing a reporter plasmid containing GFP under the control of
the colicin promoter. This GFP reporter construct was constructed in a manner similar to
the library of GFP reporter plasmids developed by Zaslaver, et. al. (Zaslaver, 2006). To
construct this plasmid, we amplified a 450 bp region of the MP1 genome that included
300 bp upstream of the SOS binding boxes of the MP1 colicin gene and 150 bp into the
colicin-coding region. This DNA fragment was cloned into the vector pUA66 and the
construct was sequenced. Additional reporter plasmids contained GFP under the control
of the recA promoter or dinB promoter as described previously (Culyba, 2018). Briefly,
each bacteria strain was transformed with the GFP-reporter plasmids and cultured in
minimal media containing 1 X M9 salts (Sigma M6030), 0.4% glucose, 2 mM MgSO4, 0.1
mM CaCl2, 0.05% Casamino acids, and 30 g/ml of kanamycin for plasmid
maintenance. Overnight cultures were diluted 1:1,000 into fresh media and incubated at
37 OC shaking until reaching an optical density at 595 nm of ~0.3. 100-l aliquots were
dispensed into 96-well, round-bottom, transparent plates. DNA damage was induced by
UV light (50 J/m2). Plates were incubated at 37OC under agitation and GFP fluorescence
(Ex/Em: 485 nm/535 nm) and culture density (OD595) were monitored continuously in 5
min intervals for 3 hr. To prevent evaporation, 50 l of mineral oil (Sigma) was added to
each well. The level of promoter induction was determined by taking the ratio of the
fluorescence intensity and the optical density (FI/OD).
3.5.3 Colicin production assays. Colicin lysates were prepared by utilizing a standard
colicin production protocol (Riley, 2003). Briefly, strains were grown overnight in LB at 37
O

C shaking. Overnight cultures were diluted 1:100 into fresh LB media and strains grew

to an OD595 of approximately 0.2-0.3. At this point, 1.0 ml of culture was transferred to an
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Eppendorf tube and spun in a microcentrifuge at 9000 rpm for 5 min and resuspended in
0.5 ml of 10 mM MgSO4. Cells were transferred to 24-well plates and exposed to UV
light. Following exposure to UV light, 0.25 ml of cells were transferred to 2.0 ml of LB,
covered in aluminum foil, and incubated at 37 OC shaking for 3 hr. Following incubation,
100 l of chloroform was added, and tubes were transferred to Eppendorf tubes,
vortexed for 15 s and spun in a microcentrifuge at 9000 rpm for 10 min. Following
centrifugation, the supernatant was transferred to a clean glass tube and stored at 4 OC.
For lysate preparation in the absence of UV light, the steps remained then same except
without exposure to UV light.
3.5.4 Colicin screening assays. All strains used in this assay are described in Table 1
Screening assays were prepared by growing each Enterobacteraceae strain in LB at 37
C, shaking. Indicator lawns for each strain were prepared by adding 50 L of the cells

O

(~ 1 x 109 cells/mL) to 3.5 ml of top-agar, gently mixing, and then pouring onto LB agar
plates. After the lawns solidified, 8 l of lysate was spotted on the lawn in serial dilutions.
All indicator strains and lysates were assayed in duplicate.
3.5.5 In vitro competition assay. The competition assay was adapted from previously
established protocols (Mo, 2016). Briefly, gfp-tagged or mCherry-tagged strains were
grown overnight in LB at 37 OC shaking. Strains were standardized by optical density,
diluted 106 -fold and mixed at a 1:1 ratio in 3 ml of LB. The mixture was incubated
overnight at 37 OC shaking for 24 h. At this time point, the overnight mixture was diluted
106-fold and inoculated into fresh LB and grown for another 24 h. Culture samples were
taken at time zero, 24 h, and 48 h and plated onto LB agar containing 15 g/ml of
tetracycline in order to determine CFU for each strain. Plates were incubated overnight
at 37 OC and imaged using a system that permits the detection of GFP and mCherry
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(Siryaporm, 2008). Relative fitness data were calculated by formula described by Lenski
et. al. (Lenski, 1991).
3.5.6 Animal experiments. All animal studies were carried out in accordance with
guidelines of the Institutional Animal Care and Use Committee of the University of
Pennsylvania. Animal protocols followed the guidelines established within the “Guide for
the Care and Use of Laboratory Animals” published by the National Research Council of
the National Academies.
Experiments were performed with 6-to-8-week-old C57BL/6 male mice purchased
from Charles River Laboratories. All mice were fed standard rodent chow ad lib (LabDiet
5001) and had access to fresh water. Each cage contained 4 to 5 mice. The colonization
protocol has been described previously (Samuels, 2019), but briefly mice were given 5
g/liter of streptomycin and glucose in their drinking water for 72 h. After 72 h, mice were
given fresh water for 24 h prior to oral inoculation with E. coli strains and were
maintained on fresh water throughout the remainder of the experiments. The inoculum
preparation was also described previously (Samuels, 2019), but briefly, cells were
prepared by streaking out on LB agar plates and incubating at 37 OC overnight. The next
day, a single colony was picked and grown overnight in LB shaking at 37

O

C. The

following day optical density at 595nm was measured and the concentration of cells was
calculated. Cells were spun down at 3,800 x g at 4 OC and resuspended in cold PBS.
Cells were washed twice with PBS and resuspended to a final cell density of ~ 1010 to
1011 cells/ml. For the competition experiment, cells suspensions were mixed at a 1:1
ratio and mice were orally inoculated with ~100 l. For the solo colonization experiment
~100 l of each strain was given to each mouse.
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To determine the colony counts, at each time point 3 to 4 pellets of poop was
obtained from each mouse. Fecal samples were weighed and resuspended in PBS to
reach a final concentration of 0.5 g of feces per 1.0 ml of PBS. The samples were
vortexed and incubated at 4 OC for roughly 1 h. The samples were serially diluted in
PBS and plated on LB agar plates containing 15 g/ml tetracycline. Fluorescence
images of the plates were obtained as described previously. The competitive index (CI)
was determined as [(mCherry fluorescent CFU)/(GFP fluorescent CFU)]/[(input mCherry
CFU/input GFP CFU)], where the initial inoculum represents input CFU.
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Chapter 4: Diversity Among Intrinsic LexA Self-Cleavage Rates Across Bacterial
Species Reveal Conservation of the LexA:RecA* Interaction
This chapter is the basis of a future manuscript. Our ongoing efforts to expand on this
chapter for the manuscript are discussed more extensively in Chapter 5.

4.1 Abstract
The bacterial SOS response is a highly conserved DNA repair pathway that is
activated in the presence of DNA damage. The SOS response is regulated by LexA, a
transcriptional repressor-protease that binds to DNA regions upstream of SOS-controlled
genes preventing their expression. Upon DNA damage, single-stranded DNA forms and
RecA, the sensor of the SOS response, filaments along these DNA fragments. The
activated RecA filaments bind to LexA and promote a LexA self-cleavage reaction.
Cleaved LexA cannot bind DNA and consequently the SOS response is activated. The
LexA self-cleavage rate is the critical step in activation of the SOS response and it is
unknown whether the rates of LexA self-cleavage are conserved across bacterial
species. Here, we systematically characterize the self-cleavage rate of LexA proteins
from a diverse set of bacterial species: Escherichia coli (LexAEc), Bacillus subtills
(LexABs),

Clostridium

difficile

(LexACd),

Pseudomonas

aeruginosa

(LexAPa),

Mycobacterium tuberculosis (LexATb), and Vibrio cholerae (LexAVc). Rates were
determined at alkaline pH in the absence of RecA, as well as at physiological pH in the
presence of RecA. We find that under alkaline conditions, the cleavage rates were
dramatically different with LexAVc, LexAPa, and LexAEc having similar cleavage rates,
LexABs have a reduced cleavage rate, and LexATb and LexACd not having any detectable
cleavage. However, in the presence of E. coli RecA* all LexA proteins undergo the LexA
self-cleavage reaction suggesting that RecA* acts to enhance LexA self-cleavage
independent of the inherent LexA self-cleavage rate. This study reveals diversity in the
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intrinsic self-cleavage rate of LexA and provides the critical first step towards
understanding SOS regulation across bacterial species.

4.2 Introduction
Bacteria can rapidly and effectively adapt to environmental insults making them
incredibly successful organisms. The ability of bacteria to effectively respond to
environmental challenges is partly due to their vast array of stress response pathways.
Stress response pathways are generally composed of a sensor protein and an effector
protein which together modulate downstream expression of genes aimed at promoting
bacterial survival. The SOS response is an example of a highly conserved stress
response pathway that is activated in the presence of DNA damage. The SOS response
acts to minimize the lethal consequences of DNA damage and facilitate bacterial survival
and adaptation through the induction of SOS regulated genes.
DNA damage is an abundant environmental insult and repairing DNA damage is
essential for continued bacterial survival. As such, the SOS response is conserved
across nearly all Gram-positive, Gram-negative, and Mycobacterial species (Erill, 2007).
In all bacterial species the SOS response is tightly regulated by two highly conserved
proteins, LexA, the repressor of the SOS response, and RecA, the sensor of DNA
damage. LexA is a dual function repressor-protease that consists of two domains, an Nterminal DNA binding domain and a C-terminal catalytic domain. In the absence of DNA
damage, LexA binds to the promoter region of SOS controlled genes and represses their
activation (Butala, 2009). When DNA damage occurs, regions of single-stranded DNA
(ssDNA) are exposed either as a direct result of the DNA damage or indirectly due to
stalling of replication forks around DNA lesions. The ssDNA is recognized by RecA
which polymerizes around the ssDNA in an ATP-dependent fashion forming the
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activated filament, known as activated RecA (RecA*) (Cox, 2007). This active RecA*
filament binds to LexA and promotes a self-cleavage reaction essentially separating the
LexA C-terminal domain from the N-terminal domain. Cleaved LexA can no longer
effectively bind to DNA, relieving repression of the SOS regulated genes in a
coordinated fashion (Culyba, 2018; Courcelle, 2001).
Primarily, the SOS regulon functions to repair damaged DNA and, with a few
exceptions, this repair can occur with both high fidelity or low fidelity mechanisms. The
SOS genes that result in high fidelity repair include effectors such as nucleotide excision
repair enzymes that function to repair pyrimidine dimers (Easto, 1983; Erill, 2007). If the
DNA damage is persistent or extensive, low fidelity repair is also observed,
predominately occurring through the actions of error-prone polymerases which replicate
over damaged DNA with an error rate 1000-fold higher than that of high-fidelity
polymerases (Tompkins, 2003; Galhardo, 2009). Importantly, reduced fidelity repair
results in a transient hypermutator phenotype that introduces mutations throughout the
genome. From a clinical perspective, this enhanced mutagenesis is particularly
significant, as SOS activation has been linked to heightened bacterial adaptation and
acquired antibiotic resistance (Mo, 2016; Cirz, 2006). While repair mechanisms are a
commonality across species, not all SOS-controlled genes are dedicated to genomic
repair, an observation that reveals functional divergence in the SOS regulon across
different bacteria species. To highlight a few examples the SOS response regulates
virulence factor synthesis and fibronectin binding protein in Staphylococcus aureus
(Bisognano, 2004; Úbeda, 2005), biofilm formation in Pseudomonas aeruginosa,
Clostridium difficile, and Listeria monocytogenes (Gotoh, 2010; van der Veen., 2010;
Walter, 2015) and type III secretion in enteropathogenic E. coli (Mellies, 2007). Further,
the SOS response can regulate mobile genetic elements such as integrons, integrating
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conjugative elements, and pathogenicity islands (Beaber, 2004; Maiques, 2006; Guerin,
2009; Krin, 2014). Taken together, the SOS response plays a critical role in bacteria
evolvability and in some bacteria species, virulence.
Importantly, the expression of SOS controlled gene is directly related to the LexA
cleavage event. As mentioned earlier, LexA protein has two domains a DNA binding
domain (N-terminal) and a protease domain (C-terminal) which are connected to each
other by a flexible linker. The two domains largely function independent of each other
with the chemistry of the cleavage reaction being localized to the C-terminal domain.
LexA is part of a family of enzymes characterized by a conserved serine-lysine catalytic
dyad that cleavages between an Ala-Gly sequence within the protease domain (Luo,
2001). The cleavage site region consists of a flexible loop of ~16 amino acids containing
the critical scissile Ala-Gly bond that is cleaved separating the C-terminal domain from
the N-terminal domain (Luo, 2001). Crystal structures of LexA revealed that the cleavage
site loop can adopt two distinct conformations, a cleavable and a non-cleavable
conformation. In the cleavable conformation the loop is located adjacent to the serinelysine dyad in the binding pocket and in the non-cleavable state, the loop is 20Å away
from the binding pocket (Luo, 2001). In the cleavable conformation, the cleavage loop
flips into a hydrophobic binding pocket that contains the catalytic serine and lysine and it
is thought chemical interactions here stabilize the loop enabling the cleavage chemistry
to occur.
The LexA proteins studied thus far have the unique property of being able to
self-cleave under alkaline conditions independent of RecA*, however this self-induced
cleavage activity is not thought to occur in vivo in the absence of RecA* (Schuldiner ,
1986; Dri, 1994). Nevertheless, LexA self-cleavage in alkaline conditions has been a
powerful tool to address the molecular mechanism regulating the intrinsic self-cleavage
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activity of LexA. To obtain a detailed structure-function analysis of LexA self-cleavage
activity, our lab previously performed extensive amino acid profiling of the cleavage site
loop of LexA from P. aeruginosa and determined cleavage profiles for each position (Mo,
2014). In this study, mutations were discovered that either increased or decreased the
intrinsic alkaline-mediated rate of LexA self-cleavage, and these variants maintained
parallel alterations to their cleavage rates with RecA*. More globally across species,
however, it is unknown if RecA*-mediated and alkaline-mediated cleavage parallel one
another. In a follow-up study we determined that varying LexA cleavage rates in E. coli
had two important physiologic consequences (Mo, 2016). First, LexA cleavage rates
correlated positively with the extent of SOS activation and gene induction. Second, we
observed that wild-type E. coli was better at surviving a genotoxic insult then E. coli
strains harboring either LexA cleavage variant in place of the wild-type LexA protein.
From this, we made the provocative conclusion that LexA cleavage rate may have been
evolutionarily optimized to tune regulation of the SOS response. Although the LexA
protein is highly conserved, it is not clear whether there are differences in LexA cleavage
rate across bacterial species, and thus, by extension, different rates of SOS activation.
LexA exists within a superfamily of LexA-like proteins including phage  CL
repressor which undergoes a similar cleavage reaction as LexA mediating phage
transformation to a lytic cycle (Little, 1984). However, the rate of cleavage is significantly
slower than LexA and it is hypothesized to be another layer of regulation in order to
delay the phage’s entry into the lytic cycle until the host experiences elevated levels of
genotoxic stress (Mustard, 2000; Kim, 1993). The cleavage characteristics of phage 
CL repressor help to support a hypothesis that LexA cleavage rates may vary across
bacterial species due to evolutionary fine tuning of the SOS response. However, there
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has been no systemic characterization of LexA cleavage rates from phylogenetically
distinct bacterial species to help inform whether LexA cleavage rates are conserved.
To address the nature of conserved versus divergent features of LexA across
species, we biochemically characterized the cleavage activity of six different LexA
proteins from phylogenetically diverse bacterial species. We expressed and purified
each protein in parallel and methodically characterized each LexA proteins’ cleavage
rate in both conditions of alkaline pH and in the presence of E. coli RecA*. In this study,
we reveal that LexA self-cleavage in the presence of alkaline pH is not a conserved
feature across LexA proteins from different species. Supporting the theory of
evolutionary fine tuning, we further demonstrate that in the presence of E. coli RecA* all
LexA proteins, even those unable to undergo alkaline-induced cleavage, can undergo
induced cleavage, albeit with varying cleavage efficiencies. Our work provides the
necessary framework to probing the similarities and differences in the rate of SOS gene
induction across bacterial species and the molecular conservation of the LexA:RecA
interface. Further our work could provide a rational framework for designing broadlyactive inhibitors that target conserved aspects of LexA to suppress the SOS response
and antagonize bacterial adaptation and virulence.

4.3 Results
4.3.1 Sequence identity and similarity between LexA of multiple species
The LexA protein is highly conserved across all bacterial species with each LexA
protein having the archetypal structure of an N-terminal DNA-binding domain, a Cterminal protease domain, and a flexible linker connecting the two domains. In order to
probe whether LexA proteins from diverse bacteria species have different rates of selfcleavage, we decided to profile a sub-set of LexA proteins from each class of bacteria:
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Gram-positive, Gram-negative, and Mycobacterium. When considering which LexA
proteins to investigate we chose organisms that had a previously characterized SOS
response and had diverse SOS regulons. With this in mind, we chose to investigate the
LexA proteins from the following bacteria species: Clostridium difficile (LexACd), Bacillus
subtilis (LexABs), E. coli (LexAEc), Pseudomonas aeruginosa (LexAPa), Mycobacterium
tuberculosis (LexATb), Vibrio cholera (LexAVc) (Love, 1986; Courcelle, 2001; Cirz, 2006;
Smollett, 2012; Walter, 2014). LexAEc and LexAPa were included because they have
been previously studied and thus could serve as a benchmark in which to compare the
other proteins. After selecting our LexA proteins of interest we performed an amino acid
sequence alignment of the C-terminal domain (Figure 13 A-B). We focused on the Cterminal domain because we are interested in the self-cleavage properties of LexA.
From the sequence alignment a few observations can be made. As expected, the
serine/lysine catalytic dyad and the target Ala-Gly scissile bond, were conserved (Slilaty,
1987). Focusing specifically on regions adjacent to the scissile bond (Ala-Gly P1-P1’),
we noted the following: P5 is a conserved glycine across all species; P4 is an arginine in
all LexA proteins except LexABs and LexACd where this residue is a lysine and glutamine,
respectively; P3 is a valine in all LexA proteins except LexATb and LexACd where this
residue is an isovaline; P2 is an alanine in all LexA proteins except for LexACd and
LexABs where this residue is a threonine; and P2’ is variable across all LexA proteins.
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Figure 13: Crystal structure of E. coli LexA (PDB 3JSO) dimer (Zhang, 2010) and
LexA protein alignment. (A) E. coli LexA crystalized as a dimer. The N-terminal
domain is shaded gray and the C-terminal domain is highlighted by purple, blue, and
green. The purple color represents the cleavage-site region which harbors the critical
scissle bond. The blue color represents the linker region and the green color represents
the catalytic core that contains the serine nucleophile and critical lysine residue. The
scissle bond and catalytic serine and lysine residues are highlighted with yellow. These
colors match the boxed regions on the LexA protein alignment. (B) The protein
alignment of the C-terminal domains for the LexA proteins in this study is shown.

4.3.2 The intrinsic self-cleavage properties of LexA are highly variable
Having selected the LexA proteins of interest, we next proceeded to clone each
into identical construct scaffolds. We then expressed and purified the proteins in parallel
using recombinant E. coli. All proteins were purified by Ni-NTA his-tag affinity
chromatography and their purity was determined by SDS-PAGE gel. Throughout the
purification there was no noticeable differences in the purification process among the
different LexA proteins and each protein ran with the expected molecular-weight on an
SDS-PAGE gel.
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In our quest to characterize the intrinsic self-cleavage rate of each LexA protein,
we began by first investigating their ability to self-cleave under a gradient of pH
conditions. Prior work has indicated that alkaline induced cleavage likely reflects
deprotonation of the conserved active site Lysine (K156 in E. coli) that engages the
Serine to make it an effective nucleophile (Slilaty, 1987). Under varied pH gradient in
prior work, both LexAEc and LexAPa display rapid self-cleavage rates at a pH greater than
9.5 and minimal self-cleavage under more acidic pH conditions (Little, 1984). To assess
our broader panel of LexA proteins, we first examined self-cleavage under a pH gradient
from 6.6-11.3 (Fig. 14A). For all proteins the cleavage reaction was performed at 37 ºC
and initiated by the addition of cleavage buffer (see materials and methods). The
cleavage reaction was quenched after 3 h and the reaction was analyzed by SDS-PAGE
gel. Cleavage was determined by a loss of the full length LexA protein and the
appearance of fragments representing the C-terminal domain and the N-terminal
domain.
The pH profile of LexAEc suggests a model where cleavage requires a pKa of
about 9.1 (Slilaty, 1987), yet across our LexA proteins, the pH profile was highly
variable. We found that LexACd, LexATb, LexABs had dramatically different pH profiles
relative to LexAEc with LexACd and LexATb having no detectable cleavage at any pH
tested. LexAPa and LexAVc had a similar pH profile to LexAEc with the pKa of 9.1, and 8.9,
respectively. LexABs, while still having a different pH profile compared to LexAEc, did
cleaved in high pH conditions with a pKa of 10.1 (Figure 14B).
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Figure 14: pH profiles of LexA proteins in the absence of RecA*(A) Representative
gels demonstrating the pH profile of each LexA protein tested. Proteins were incubated
in the respective pH conditions and quenched after 3 hr. (B) Cleavage kinetics for the
pH profiles. The fraction cleaved was plotted as a function of pH. The pKa was
determined using the program Igor Pro.

For the proteins that cleaved at alkaline pH, we performed a more detailed
analysis of their self-cleavage properties in order to determine cleavage rates. Selecting
a pH of 10.6 we performed a time course reaction by removing an aliquot of each
reaction at various time points and quenching in 2x BME-containing Laemmli buffer
(Figure 15A). The cleavage reactions were again analyzed by SDS-PAGE gel. To
determine the cleavage rates, we measured the fraction of cleavage product over time
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relative to the starting product (Figure 15B). For each LexA protein the half-life and
cleavage rates were calculated (Table 3). LexAEc and LexAPa the half-life for each protein
were 12 min and 25 min, respectively. The half-life of LexAVc was roughly 17 mins which
is similar to both LexAEc and LexAPa. However, LexABs deviated significantly from the
other LexA proteins having a half-life of 36 min. In the context of the minimal cleavage of
LexACd and LexATb, the LexABs result indicates that rapid alkaline-induced cleavage may
be an intrinsic feature more closely aligned with Gram-negative LexA variants only.
Taken together, these results suggest that the ability of LexA proteins to cleave under
alkaline conditions is not a universal property of all LexA proteins. Further, for LexA
proteins that do cleave under alkaline conditions, the rates of self-cleavage are highly
variable.

Figure 15: Alkaline cleavage profiles of LexA proteins. (A) Representative timedependent cleavage profiles of LexABs, LexAVc, LexAEc, and LexAPa. Proteins were
incubated at pH 10.6, and quenched at the given time points, and visualized using
SDS-PAGE. (B) Cleavage kinetics of the different LexA proteins. Fraction cleaved was
fit as a function of time according to first-order kinetics. Experiments were done in
triplicate.
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LexA protein
B. subtilis
E. coli
V. cholerae
P. aeruginosa

Rate, k (x 10-5 s-1)
31 + 3.3
92 + 12
66 + 9.8
45 + 10

Half-life (min)
36.6
12.5
17.5
25.4

Table 3: Rate and half-life values for cleavage of LexA proteins at pH 10.6. Rate
and half-life values were calculated in Prism according to first-order kinetics.

4.3.3 E. coli RecA* stimulates cleavage activity
In prior studies where LexA cleavage rates were increased or reduced due to
amino acid substitutions, the corresponding RecA* mediated cleavage rates paralleled
the altered rates (Smith, 1991; Mo, 2014). Therefore, we were curious as to whether this
pattern would hold true with our LexA proteins from different species. For the purpose of
this study, we chose to explore the LexA cleavage properties of each LexA protein in the
presence of E. coli RecA*. We chose E. coli RecA for two main reasons. One, we
wanted to compare RecA*-mediated cleavage with as few of confounders as possible. E.
coli RecA has been extensively characterized; the purification and RecA activation
protocol having been optimized both in the literature and in our lab. Using E. coli RecA
allows us to compare the cleavage efficiencies of each LexA protein in a setting where
the RecA protein is not a variable. Second, reports in the literature suggests E. coli
RecA* protein can mediate cleavage of LexA proteins from different species (Winterling,
1997; Ambur, 2009; Stohl, 2011; Mo, 2014; Walter, 2014). We theorized that if E. coli
RecA* induces cleavage of multiple LexA species this would suggest that even though
the intrinsic self-cleavage properties of LexA are not conserved, the mechanism of
RecA*-induced LexA self-cleavage event may be conserved.
We activated E. coli RecA using the standard protocol (see materials and
methods). The cleavage reactions were initiated by adding each LexA protein to
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previously activated E. coli RecA*. For each LexA protein we monitored the LexA
cleavage activity over time by removing an aliquot at set time points and quenching the
reaction using 2x-BME-containing Laemmli buffer. Each reaction was analyzed by SDSPAGE gel and stained with Coomassie (Figure 16A). The amount of cleavage was
quantified as previously described. Significantly, in this experiment, we found that E. coli
RecA* promoted LexA self-cleavage of all the LexA proteins tested (Figure 16B).

Figure 16: E. coli RecA*-mediated cleavage of LexA proteins. (A) Representative
time-dependent cleavage profiles of LexABs, LexACd, LexAEc, LexAVc, LexATb, and
LexAPa in the presence of RecA*. Proteins were incubated at 37 ºC, quenched at the
given time points, and visualized using 15% SDS-PAGE. (B) Cleavage kinetics of the
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different LexA proteins. Fraction cleaved was monitored over time and quantified as
described in the text.

LexAPa and LexAVc cleaved rapidly in the presence of E. coli RecA* with LexAPa being
completely cleaved within 2 mins and LexAVc being over 90% cleaved by 5 min. LexABs
cleavage was enhanced in the presence of E. coli RecA* with over 50% of LexABs being
cleaved by 10 min. Although LexACd and LexATb did not cleave in alkaline conditions, in
the presence of E.coli RecA* both proteins cleaved. Here, LexACd was fully cleaved by
30 min and LexATb was greater than ~75% cleaved by 2 hr. These results begin to
support a model in which the interaction between LexA and RecA* is highly conserved
such that E. coli RecA* can promote the self-cleavage event of LexA proteins from a
diverse range of bacterial species. Further, our results demonstrate that the ability of
RecA* to act on LexA proteins seems to be independent of whether the protein is
capable of cleavage under alkaline pH.

4.4 Discussion
The widespread distribution of the SOS response across the prokaryotic kingdom
suggests that it is a critically important pathway for promoting bacteria survival during
periods of genotoxic stress (Erill, 2007). Despite the ubiquity of the SOS response and
its key regulators, LexA and RecA, the SOS regulon varies significantly among bacterial
species which has led to the theory that the SOS response may have evolved to fit the
needs of different bacteria species (Erill, , 2007; Simmons, 2008; Baharoglu, 2014). SOS
gene induction is directly related to the cleavage activity of LexA. If LexA does not
cleave, there is no activation of the SOS response (Slilaty, 1987; Mo, 2016). Further,
point mutations in the cleavage region of E. coli LexA can generate LexA cleavage
variants that either cleave slower or faster relative to wild-type E. coli LexA protein.
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When these cleavage variants are introduced into E. coli, there is a progression of SOS
activation as a function of LexA cleavage rate (M., 2016). This finding raised the thoughtprovoking question of whether different LexA cleavage rates naturally existed within
LexA proteins from different bacterial species. In this study we set out to address this
fundamental question by systematically defining the self-cleavage rates of LexA proteins
from a broad range of bacteria species. Our results demonstrate that LexA self-cleavage
properties are variable in both alkaline pH and in the presence of RecA*. Interestingly,
RecA* promoted the self-cleavage property of all LexA proteins tested irrespective of
whether the protein had cleavage activity under alkaline pH.
This study represents the first systematic biochemical characterization of LexA
proteins from diverse bacterial species. Our studies reveal that the intrinsic cleavage
properties of LexA may not be conserved and conclusions drawn from biochemical
studies of E. coli and P. aeruginosa LexA may not translate to LexA proteins of other
bacterial species. That said, from the LexA proteins investigated in this study, no clear
pattern or clustering emerged regarding LexA cleavage rates and class of bacteria
studied. The LexA proteins from Gram-negative bacteria had similar self-cleavage
properties, but the LexA proteins from Gram-positive bacteria did not follow the same
trend where LexABs cleaved under alkaline pH but LexACd did not. Our study would
further benefit from increasing the number of LexA proteins investigated. We propose
that by characterizing more LexA proteins across the prokaryotic kingdom, a pattern may
start to emerge where cleavage rates are reflective of clear phylogenetic differences.
The results of this study allow us to start addressing whether there are specific
residues that may be important for the differences in LexA self-cleavage rates under
alkaline pH. When the LexAEc crystal structure was solved, the authors speculated that
there could be “fine-tuning” of self-cleavage rates due to specific mutations within the
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cleavage site region and/or the hydrophobic surface (Luo, 2001).

Previous work

performing exhaustive mutagenesis on the cleavage site region in P. aeruginosa LexA
further supported this speculation because amino acid substitutions were generated that
increased or decreased the rate of LexA cleavage relative to the wild-type protein (Mo,
2014). We can use the results presented in that study to help decipher amino acid
substitutions near the scissile bond that may be contributing to the altered cleavage rate
of the different LexA proteins. LexAPa has an alanine in position P2 which is conserved
in all LexA proteins tested but in LexABs and LexACd a threonine is substituted. When the
alanine in P2 was substituted for a threonine in LexAPa, this variant had a 30-fold
reduction in cleavage rate under alkaline pH. The authors speculated amino acids larger
than an alanine in this position could increase steric clash of the cleavage site region. In
LexABs there is a 5-fold difference in cleavage between LexAPa and LexABs and while
LexACd did not cleave under alkaline pH, cleavage was still observed in the threoninesubstituted LexAPa. So, while the amino acid substation at the P2 position may play a
role in the differing cleavage activities, based on these results it is not the only
mechanism.
Applying this analysis to the P3 position we come to a similar conclusion. Here,
LexAPa has a valine in position P3 which is conserved in all LexA proteins investigated
except for LexATb and LexACd which both have an isovaline. When P3 was substituted
for an isovaline in LexAPa, the authors recorded a 3-fold reduction in cleavage under
alkaline pH. In our experiments LexATb and LexACd did not have any cleavage activity
under alkaline pH thus an isovaline at this position is not the only explanation for
reduced cleavage of these proteins. While mutations in these sites may be contributing
to the altered cleavage activity, they cannot account for the extent of altered activity.
LexATb and LexACd did not just have a 3-fold reduction in cleavage under alkaline pH,
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they failed to cleave within 3 hr. Taken together, this suggests that is it probably a
combination of residues that have evolved to alter the cleavage rate in such a way as to
either stabilize the non-cleavable form, destabilize the cleavable form.
In solving the E. coli LexA crystal structure the authors captured the LexA protein
in two-distinct conformations, a non-cleavable and a cleavable form. In this model the
cleavage-site region is the only portion of the C-terminal domain that is mobile (Roland,
1992; Luo, 2001). It has been hypothesized that at neutral pH LexA exists largely in the
non-cleavable form, but alkaline pH promotes a shift in the cleavage site region towards
the more favorable cleavable form. Even though the crystal structures of LexAEc
captured these two forms of LexA, this is no clear biophysical evidence of a dynamic
self-cleavage region (Luo, 2001; Zhang, 2010). The reduced self-cleavage activity of
LexATb, LexACd, and LexABs could support a model where these two conformations exist
and suggest the possibly that some LexA proteins may favor an equilibrium that strongly
supports the non-cleavable form. However, this is purely speculative and there may be
other mechanisms that impact the self-cleavage activity of LexA proteins under alkaline
pH. Interestingly, a newly published report suggests LexATb may exist in a tetrameric
form (Chandran, 2019). It is possible that this may influence the self-cleavage properties
of LexATb.
Here we report that E. coli RecA* can promote the self-cleavage activity of all
LexA proteins tested regardless of each proteins ability to cleave under alkaline pH. In
our studies, neither LexATb or LexACd cleaved under alkaline conditions, but cleaved in
the presence of E. coli RecA*. This result confirms the role of RecA* as a catalyst for the
LexA self-cleavage reaction (Giese, 2008) and supports a model where the molecular
interaction between LexA with RecA* are evolutionarily conserved. If there was no
conservation between the molecular interactions of LexA and RecA* we would have
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predicted that LexATb and LexACd self-cleavage activity would have been similar to
conditions under alkaline pH. Our data is consistent with the suggestion that RecA*
helps to stabilize a cleavage competent form of LexA, but it remains unclear whether
RecA* does this through an active mechanism or through an allosteric interaction. As
discussed on future directions, this study could be further enhanced by the analysis of
RecA constructs from multiple species, rather than E. coli RecA only. Such an analysis
can inform how the RecA*: LexA interface may have evolved across the phylogenetic
tree and provide insights into the conserved features which might be suitable for
inhibition.
In this study, we observed different rates of E. coli RecA*-mediated cleavage for
all LexA proteins tested. We suggest that there are two predominant explanations for
this observation. One, it is possible that the differing cleavage rates are a consequence
of the different intrinsic self-cleavage rates of each LexA proteins. Second, it is possible
that different LexA proteins have varying affinities for E. coli RecA* and the differences in
affinities is what is causing the variation in E. coli RecA* mediated cleavage rate. To
address the underlying mechanisms that alters RecA*-mediated cleavage rates, we
have initiated and are continuing to characterize the molecular interaction of E. coli
RecA* with each LexA protein using two complementary approaches: analysis of
detailed kinetics of RecA*-mediated cleavage of radiolabeled-LexA under conditions of
limiting RecA* and direct measurement of LexA affinity for RecA*. By radiolabeling each
LexA protein we can quantitatively characterize initial cleavage rates of each LexA
protein and determine the kcat and KM of each interaction, which would provide insight
into the overall kinetics of the reaction. Under these conditions, LexA is treated as the
substrate and RecA* is the enzyme. If the KM varies across different LexA proteins this
would suggest that difference in E. coli RecA* mediated cleavage is largely due to the
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interaction between E. coli RecA* and the different LexA proteins. However, if the KM
were similar this would suggest that the differences observed is due to the intrinsic
cleavage rate of each LexA protein. When these data are analyzed in concert with direct
binding data that reflect the KD, we will also be able to speculate as to whether the
RecA* binding step is the rate limiting step in catalysis of self-cleavage.
The aim of this study was to systematically characterize the self-cleavage
properties of LexA proteins across different bacterial species. Our results demonstrate
that the ability of LexA to self-cleavage in alkaline pH, is not a conserved feature of all
LexA proteins, despite being a defining feature of E. coli LexA. However, RecA* aids in
overcoming this lack of intrinsic self-cleavage observed with alkaline pH. Our work
provides the initial foundation to start characterizing LexA proteins from more diverse
bacterial species and to begin asking specific questions regarding molecular interaction
between LexA and RecA*. Importantly, our results reveal that LexA proteins have
different cleavage rates thus suggesting that these differences in cleavage rates may
provide another layer of regulation to the SOS response across different bacteria
species.
4.5 Material and Methods
4.5.1 LexA protein alignment. Amino acid sequences of LexA from different species
was obtained from NCBI and aligned in BLAST. Crystal structure was downloaded from
RCSB PDB database and modified using pymol.

4.5.2 Generation, expression, and purification of LexA proteins. Synthetic genes
encoding C. difficile, P. aeruginosa, B. subtilis, M. tuberculosis, and V. cholerae LexA
were obtained from Integrated DNA Technologies and cloned into a pET41 expression
vector with a N-terminal poly-His tag and a PKA phosphorylation site.
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The E. coli

construct had been previously generated in the lab and was used in the protein
purification steps. The enzymes were heterologously expressed in E. coli, BLR(DE3)
expression cell lines followed by a one-step purification using the N-terminal tag. Briefly,
expression cells were grown to an OD595 of 0.4-0.6 at which point each protein was
induced by adding 1 mM IPTG and after 3 hr of growth, cells were harvested, and the
pellet was stored at -80 oC. Cell pellets were resuspended and lysed using BugBuster
Mastermix (EMD-Millipore). Lysates were centrifuged for 20 min at 10,000 rpm. Clarified
lysates were affinity purified with HisPur resin (Thermo Fisher) using 300 mM imidazole
to elute. Purified LexA was dialyzed at 4 oC into a buffer containing 25 mM Tris-HCl pH
7.6, 150 mM NaCl, and 10% glycerol. The purified products were predominantly fulllength, and the purity of each protein was determined by 15% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gel and Coomassie staining. Protein
concentrations were determined using Bradford standard curve method and stored at 80 oC

4.5.3 Alkali-mediated cleavage assays of LexA proteins. To determine the pH profile
of each LexA protein, purified proteins were mixed in a 1:1 ratio with 2x cleavage buffer
(100 mM Tris-Glycine-CAPS and 300 mM NaCl) with a pH ranging from 6.6-11.3
Reaction mixtures were incubated at 37 oC for 3 h. The cleavage reaction was quenched
by adding 2x BME-containing Laemmli buffer and boiling at 95 oC for 10 min. The LexA
cleavage reaction was visualized by running samples on a 15% SDS-PAGE gel and
staining with Coomassie. The gels were imaged on a Typhoon Imager using res laser
excitation at 633 nm with no filters. The fraction of cleaved proteins was calculated by
dividing the density of the LexA cleavage products by the sum of the density of the LexA
full-length and cleavage products using Quantity One (Bio-Rad). Each pH titrations were
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performed in duplicate. The pKa was determined using the equation for a simple one
proton catalysis:

For the quantitative kinetic analysis, 30 L of purified protein was mixed with
30L of 2x cleavage buffer (pH 10.6) and the mixture was incubated at 37 oC. At the
specific time points, 5 L of the reaction mixture was removed and the reaction was
quenched with 2x BME-containing Laemmli buffer. The extent of cleavage was
visualized over time on a 15% SDS-PAGE gel, stained with Coomassie, visualized on a
Typhoon Imager and quantified as described previously.

For each time point, the

fraction of full-length LexA was calculated as described above and plotted versus time in
Prism. Rate plots were fit to a first-order exponential equation A = Aoe

-kt

. Prism was

used to calculate half-life and k, the observed rate of cleavage. Kinetic experiments were
done in duplicate.

4.5.4 RecA*-mediated cleavage of LexA proteins. RecA of E. coli was purified
previously in the lab by a former graduate student, Zachary Hostetler as previously
described (Hostetler, 2018). To activate RecA the following method was used: 10 M of
E. coli RecA was mixed with 1 mM ATPS, 10 M ssDNA and 1x-RecA activation buffer
(25 mM Tris-HCl pH 7.4, 10 mM MgCl2, 1 mM DTT). The reaction was incubated for 1 h
at 30 oC.
RecA*-mediated reaction was initiated by adding each LexA protein to activated
RecA* to a final concentration of 2.5 M of LexA and 5 M of RecA*. The reaction was
incubated at 37 oC and at specific time points an aliquot was removed, quenched with 2x
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BME-containing Laemmli buffer, and boiled at 95 0C. The reactions were analyzed and
quantified as described above.
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Chapter 5: Future Directions and Concluding Remarks
Future directions and concluding remarks
The studies presented here are broad in scope and provide insight into all
aspects of the SOS response. Collectively these studies shed light on the molecular
mechanisms regulating the SOS response and the functional consequences of SOS
activation. The motivation behind this work was twofold. First, we wanted to expand
upon the canonical studies of the SOS response and understand the function of this
stress response pathway in the context of a complex physiologic environment. Second,
we wanted to address the conservation of the SOS response across bacterial species by
probing the molecular dynamics of the key SOS regulator, LexA.
In Chapter 2, we began by taking a global look at the SOS response. Here, we
asked whether the SOS response is necessary for E. coli to colonize the murine
gastrointestinal tract. Prior to this study, the role of the SOS response in modulating
commensal E. coli survival in a complex diverse environment such as the
gastrointestinal tract was unknown. The results in Chapter 2 demonstrate that a
functional SOS response is critical for an E. coli commensal to successfully colonize its
natural habitat, the mammalian gut. This suggests that environmental conditions in the
gut result in genotoxic stress that, in turn, favors a functional SOS response. Our results
further address whether perturbing the host or the microbial flora impacts the
requirement of an SOS response. In our study, we found that elimination of the
endogenous gut microbiota abrogates the requirement of a functional SOS response for
successful E. coli colonization. This work contributes to a growing body of literature that
highlights the importance of the SOS response for bacteria to successfully interact with
the surrounding environment. This work begins to describe environments that are
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relevant inducers of the SOS response and specifically, the sources of genotoxic stress
in these environments. Lastly, this work has important implications for bacterial evolution
in the gut in the absence of exogenous stressors, such as antibiotics. While prior
literature has focused on how antibiotics may activate stress response pathways to
accelerate genomic adaptations, our work suggests that these same processes may be
active in a healthy gut microbiome and thus driving genomic plasticity in the absence of
antibiotics (Andersson, 2014; Gibson, 2014). While this study enhanced our
understanding of the importance of the SOS response in the context of a natural
environment, additional questions remain. These questions will be addressed in depth
later but are briefly laid out here: First, future studies should be aimed at probing specific
effector proteins that are responsible for the reduced fitness of the SOS-off E. coli strain.
This would provide more insight into alternative functions of the SOS response outside
of DNA damage repair that may be important for bacterial survival and proliferation.
Second, future work should aim to directly test the relationship between the SOS
response and genomic changes in the context of a healthy gut microbiome so we can
better understand factors that increase bacteria evolvability.
In Chapter 3, we began to narrow our focus by studying one specific effector
protein of the SOS response, colicin. In this chapter, we explored the function of colicin
production for a commensal E. coli strain in the context of an unperturbed, complex
environment, a healthy mammalian gut. Prior to this study, the fitness benefit of colicin
production was examined in either theoretical models or largely synthetic environments.
Further, little work had been done investigating the role of colicin production for a
commensal E. coli isolate. The results in Chapter 3 support the hypothesis that in a wellmixed environment, such as a culture tube, colicins are important for competition with
other colicin-sensitive Enterobacteriaceae. However, our results demonstrate that colicin
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production is not required for an E. coli commensal to successfully colonize the
mammalian gut. This finding suggests that for a commensal colonizing its primary
environment, stressful events that may favor colicin production are not routinely
encountered. The results of this chapter call into question the role of colicins for
persistence in the gastrointestinal tract and begin to inform us which environments
necessitate colicin production. The results of this chapter undoubtably contribute to our
understanding of colicin biology but leave us with some pressing unanswered questions.
Future studies will be discussed later in detail but are summarized here: First, we should
address whether colicin production is required during direct competition for an
environmental niche, and, second, we should examine whether fluctuations to the
gastrointestinal tract require colicin production for bacterial survival.
In Chapter 4, we narrowed our focus even further and studied the molecular
dynamics of LexA self-cleavage reaction. Prior to this study, the biochemical properties
of LexA across different species had been underexplored and lacked systematic
evaluation. We were interested in whether the self-cleavage activity of LexA was
conserved across phylogenetically-diverse bacterial species. The results presented in
Chapter 4 highlight variability in alkaline-induced LexA self-cleavage activity across
different bacterial species. Work in Chapter 4 began to address the conservation of the
LexA:RecA* interaction by focusing on how these different LexA proteins cleave in the
presence of E. coli RecA*. This study represents initial work that takes a novel
comparative biology approach towards understanding the molecular mechanisms behind
SOS activation. Chapter 4 is a work-in-progress, but preliminary work done in this
chapter sets the foundation for more rigorous investigation into the molecular
interactions between LexA and RecA*.
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The work presented in the first two chapters of this thesis provides the
groundwork for further evaluating the functional role of the SOS response and its effector
proteins in complex, dynamic environments. The work summarized in the last chapter
provides an initial framework for dissecting the molecular interface between LexA and
RecA. In the next sections I will address future directions that aim to either solve
unanswered questions or build upon results presented in the associated chapter.
5.1 SOS response and colonization
5.1.1 Systematic evaluation of SOS effector proteins important for E. coli
colonization.
Our results in Chapter 2 reveal that the SOS response is critical for E. coli to
robustly colonize the gastrointestinal tract. Our approach relied on global inactivation of
the SOS response by preventing the self-cleavage reaction of LexA, thus reducing the
expression of all the genes in the SOS regulon. In this study we did not explore whether
it was the general global inactivation of the SOS response responsible for the
colonization defect, or whether it was a direct result of reduced expression of specific
SOS regulated genes. Systematically investigating the consequences of perturbing
SOS-regulated genes could yield some very interesting and possibly surprising results.
In the SOS literature it is clear that the SOS regulon is more diverse than a
simple DNA repair pathway as proteins involved in virulence, persister formation, and
bacterial warfare can all be regulated by the SOS response (Zhang, 2000; Gillor, 2008;
Galhardo et al., 2009; Dorr, 2010; Li., 2010; Bielaszewska, 2012; Bernier, 2013).
Further, the SOS regulon in E. coli consists of ~40 genes and some of these genes
have no known function (Simmons, 2008). For example, several toxin-like genes are
induced during SOS response, but the physiologic impacts have yet to be deciphered
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(Magnuson, 2007; Unoson, 2008). It is possible that the inability to repair genotoxic
stress causes the colonization defect, but it is also possible one of these “non-canonical”
aspects of the SOS response is responsible for the colonization defect. It is also
conceivable that the colonization defect is a result of a combination of multiple genes in
the SOS regulon being repressed. Systematically assessing specific components of the
SOS response that are required for colonization would further define the contribution of
the SOS response to bacterial survival in the mammalian gut and would provide
additional insight into the molecular requirements for colonization.
MP1 is an excellent model organism to further examine this question as it is
genetically tractable, and its genome encodes genes that may be important for
colonization, some of which are SOS regulated in other bacteria (Bisognano, 2004).
Presently, the SOS regulon of MP1 is unknown, but this could be addressed by inducing
the SOS response in vitro and comparing the transcriptional responses of the wild-type
strain and the SOS-off strain (Courcelle, 2001; Cirz, 2006, 2007; Walter, 2014). After
making systematic deletions via recombineering, we will repeat our murine colonization
experiment with these genetic backgrounds that have an otherwise intact SOS
response. We expect that those genes which are specifically important for colonization
will have a defect similar to the SOS-off strain.

5.1.2 Evaluating SOS-induced mutagenesis during colonization of the mammalian
gut.
Our results in Chapter 2 demonstrate that an E. coli commensal that has a
constitutively-off SOS response cannot robustly colonize the gut of a healthy mouse.
This result suggests that during colonization of their primary habitat, gut commensals
experience genotoxic stress and the SOS response is required for full-fitness. Activation
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of the SOS response in the presence of DNA damage, results in a transient
hypermutator phenotype due to the up-regulation of error-prone translesional
polymerases (Kubiak., 2017). Inactivation of the SOS response prevents the associated
hypermutator phenotype (Mo, 2016). With these results in mind, we postulate whether
the inability to become a transient hypermutator contributes to the colonization defect of
the SOS-off strain.
There are suggestions in the literature that adaptive mutations are critical for
successful bacterial colonization of various host sites. In the gastrointestinal tract, in a
seminal paper by Giraud, et. al., they observed two key phenomena: one, bacterial
mutation rates increase during mouse colonization of the gastrointestinal tract; two, there
is a significant disadvantage to being constitutively mutagenic (Giraud, 2001). In a
follow-up paper, the authors demonstrate how an adaptive mutation contributes to
successful bacterial colonization of the murine gut (Giraud, 2008). In the upper
respiratory tract, recent genomic sequencing of S. aureus suggest that commensal
strains acquire de novo mutations during ‘routine’ colonization, yet the mechanisms
governing genomic adaptation in commensals have not been elucidated (Young, 2017).
The results in Chapter 2 allow us to theorize that the SOS response could be
contributing to the increase in adaptive mutations of a commensal during colonization.
Our data in Chapter 2 suggest that the SOS response is active in the murine gut,
however, we did not test whether this induced a transient hypermutator state that could
contribute to subsequent adaptive mutations. The models established in Chapter 2
enable us to investigate SOS-induced mutagenesis in both a healthy, unperturbed gut
and in an inflammatory gut. To begin, we can assess genomic mutations in MP1 during
colonization of a healthy gut. We can solo colonize the murine gut with either the wildtype strain or the SOS-off strain. Then we can perform periodic whole-genome
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sequencing of each strain as it persists in the gut. If the SOS response contributes to
adaptive mutations, we would expect to see a greater degree of genetic changes in the
wild-type strain relative to the SOS-off strain. That said, it is possible we will be unable to
detect genomic mutations in either strain. This result could either be because most
mutations are deleterious and thus undetectable, or the selective pressures in the gut do
not promote bacterial adaptation in the same way other locations in the host might.
Building on the studies in an unperturbed gut, one can imagine perturbing the gut
environment and assessing whether SOS-induced mutagenesis drives genomic
adaptation in the setting of a fluctuating environment. To start, we can assess SOSinduced mutagenesis during gut inflammation. It is possible that an inflammatory
environment requires faster genomic adaptation for continued bacterial survival in this
new environment jam-packed with new-fangled environmental insults. To test this idea,
we can repeat the experimental set-up detailed in the previous section but in the setting
of DSS-induced colitis. Overall, the results from these investigations will inform us
whether the SOS response contributes to bacterial evolvability in the gut.

5.1.3 The SOS response contribution to E. coli survival and evolvability during
antibiotic therapy
The model developed in Chapter 2 provides a natural gut environment in which
to study the role of the SOS response in the setting of antibiotic therapy. The detrimental
effects of antibiotic therapy on the gut microbiome is well established (Becattini, 2016).
However, the molecular pathways bacteria utilize to survive and adapt to these
exogenous threats are largely unknown. Using our solo colonization model and our
SOS-off strain, we could address whether the SOS response is critical for survival and
the acquisition of antibiotic resistance in the gastrointestinal tract during antibiotic
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treatment. A previous genetic study demonstrated that inactivation of LexA decreased
survival and acquired antibiotic resistance in an E. coli murine thigh infection model
(Cirz, 2006). Additionally, deleting the SOS-regulated error-prone polymerase in
Mycobacterium tuberculosis attenuated virulence and abrogated antibiotic resistance in
a mouse infection model (Boshoff, 2003). The results of those studies suggest that the
SOS response is critical for the acquisition of antibiotic resistance and, significantly,
preventing SOS induction could reduce survival and acquired antibiotic resistance.
Despite these formative studies, whether this pattern holds true in additional clinically
relevant models is largely underexplored
To address this question, we can envision two experimental set-ups. One set-up
would involve a short-course of antibiotic treatment (3 days) which would model a pulse
dose of antibiotic therapy. The other set-up would involve an extended course of subtherapeutic antibiotic treatment, which would model chronic antibiotic therapy. In both
experimental set-ups, we can assess bacterial survival during and after antibiotic
treatment as well as each strain’s resistance profiles. Further, to assess the overall
changes in the genomic landscape of each strain, subsequent whole-genome sequence
can be performed. Investigating the SOS response in the context of antibiotic therapy
will provide more insight into the molecular mechanisms that drive bacterial survival and
the acquisition of antibiotic resistance in the gut. Additionally, if inactivation of the SOS
response prevents acquired antibiotic resistance in this setting, this result would argue
strongly for further developing therapeutics aimed at targeting the SOS response to
impede bacterial evolution.
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5.1.4 Does modulating the SOS response impact E. coli colonization and
evolvability in the gut?
The results of Chapter 2 highlight the importance of SOS inactivation but do not
address whether modulating the activity of the SOS response can alter the fitness of E.
coli during colonization of the gastrointestinal tract. Previous work in our lab
demonstrated that LexA self-cleavage rates can be altered through amino acid
substitutions in the cleavage domain such that we can generate LexA variants that are
hypo-cleavers and hyper-cleavers (Mo, 2016). Strikingly, when E. coli strains were
generated containing these LexA variants in the place of wild-type LexA, we saw a
gradation of SOS activation as a function of LexA cleavage rate. Using these strains in a
well-defined laboratory setting, we probed the effects of an altered LexA self-cleavage
rate on fitness and mutation rate of the bacteria. In the presence of DNA damaging
stress, the strains harboring LexA cleavage variants had reduced fitness relative to the
wild-type strain. Further, stress-induced mutagenesis was accelerated in the strain
containing a hyper-cleavable LexA. From this study we concluded that LexA activity may
have been evolved an intermediate phenotype in order to effectively balance all
functions of the SOS response. While the results of this study are compelling, this work
was completed in vitro in defined culture conditions. Thus, it remains unclear whether
different levels of SOS induction could influence bacterial fitness and survival in a
complex natural environment.

Moving these variants into MP1 and repeating the

colonization experiments would allow us to directly test our previous conclusion in a
physiologic system. This work would provide insight into the dynamic mechanisms by
which evolve in order to bacteria survive and adapt in the context of a complex diverse
environment.
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5.2 Colicin production in the gastrointestinal tract
5.2.1 Examination of colicin production during in vivo competition with colicinsensitive strain.
In Chapter 3 we demonstrated that during colonization of the gastrointestinal
tract, a colicin-deficient MP1 strain can colonize with equal efficiency as a wild-type MP1
strain. In our model, the colicin-deficient strain remained resistant to the colicin because
only the colicin gene was disrupted during construction of this mutant, leaving the
immunity gene intact. This allowed us to test specifically the fitness benefit associated
with colicin production. From this result we concluded that E. coli living in its primary
habitat may not encounter situations in which colicin production is essential. Further, we
demonstrated that a colicin-resistant and colicin-producing strain can co-exist with equal
abundance in a natural habitat. However, we did not test how this interaction changes in
the presence of a colicin-sensitive strain competing for the same environmental niche.
Our in vitro results suggest that colicin production will enable MP1 to outcompete a
colicin-sensitive strain, but this might not be the case in a natural setting. Reports in the
colicin literature comparing in vitro conditions with the natural environment suggest that
in vitro results may not predict what will happen in a complex natural environment.
Specifically, researchers found that in a well-mixed culture in vitro, colicin-producing
strains cannot coexist with colicin-sensitive or -resistant strains, yet these phenotypes
are all recovered in a natural population (Gordon, 1998).

In Chapter 3 the colicin-

resistant strain persisted with equal numbers as the wild-type colicin producing strain,
suggesting our model accurately reflects what is recovered in a natural population. It is
unclear to what extent a colicin-sensitive strain can co-exist with a colicin-producing
strain in an unperturbed environmental model. Expanding our findings with a colicin106

sensitive strain would significantly advance our understanding of the natural role of
colicins in mediating competition dynamics in a complex microbial community. Presently,
we have made an MP1 strain that lacks both the colicin gene and the immunity gene
(Manuela Roggiani from the Goulian lab). We plan to repeat the mouse colonization
experiments with this strain in competition with the wild-type colicin-producing strain. It is
possible that the colicin-sensitive strain will be rapidly out-competed. This result would
suggest that the two strains are directly competing for space and resources in the gut
and colicin production provides a competitive advantage by eliminating the sensitive
strain. It is also possible that the colicin-sensitive strain will persist in the gut but with
decreased abundance relative to the colicin-producing strain. This result would suggest
a fitness benefit to colicin production, but the associated cost of colicin production (lysis
of the producing cell) enables colicin-sensitive strains to persist. It is also conceivable
that there will be no competition defect and both strains will colonize with equal fitness.
This result would continue to support our previous finding that in a natural unperturbed
niche, colicin-mediated competition is absent. Conversely, it could also mean that the
two strains are not localized to the same site in the gut. If the sensitive strain
outcompetes the wild-type strain, this would be surprising, but would suggest that colicin
production is ultimately too costly for the producing bacteria. Clearly, any outcome of this
experiment would provide new insight into the fitness benefits associated with colicin
production.

5.2.2 Investigating environmental perturbations and colicin production.
Colicins are incredibly prevalent throughout prokaryotes and as such must be
serving some function for bacteria existing within microbial communities (Klaenhammer,
1988; Gordon, 1998; Riley, 1998; Riley, 2000). Yet, questions remain regarding what
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ecological environments require colicin production and promote colicin-dependent
microbial competition. Building on this question, it is known that colicin production is
modulated by stress, but it is unclear what environments provide relevant stressors that
promote colicin production. From the results in Chapter 3, we can begin to define what
environments may induce colicin production. We speculate that when a commensal is
inhabiting its primary environment, colicin production may not be required for survival
and if there is microbial competition, the outcome does not depend on colicin production.
That said, it remains unclear whether colicin production is critical for a commensal to
survive when its natural habitat is perturbed. Our MP1 model and our colicin-deficient
strain are uniquely positioned to explore whether perturbations to the environment
necessitate colicin production. We hypothesize that colicin production is critical for a
commensal during fluctuations of the environment such as changes in the diet, host
immune status, or microbial flora. We can systematically address these different
scenarios and test whether the colonization capacity of the colicin-deficient strain is
altered. This work would not only contribute to the field of colicin biology but would
provide insight into the types of microbial interactions that are ongoing during
perturbations of the mammalian gut. The results of this study would also build upon
results in Chapter 2 where we explored the role of the SOS response in a complex
physiologic environment. Colicin production and the SOS response are intimately linked.
Environments that require colicin production for successful bacteria persistence and
survival would also suggest a role for the SOS response. Thus, using our SOS-off
mutant we could explicitly test this hypothesis.
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5.2.3 Does commensal colicin production influences microbial diversity in the
murine gut?
In Chapter 3 we addressed the impact of deleting MP1’s colicin on the fitness of
MP1 during gut colonization, but we did not investigate whether perturbing colicin
production altered the surrounding microbiota. Within the colicin literature it is
hypothesized that colicin production mediates strain as well as community diversity in
complex environments (Cascales, 2007). Further, the underlying mechanisms that act to
maintain a healthy gut microbiome are largely unknown. The microbial abundance and
complexity of the mammalian gastrointestinal tract is a prime environment in which
colicins could impact the composition of the surrounding microbiome. However, only a
few studies have assessed the in vivo effect of bacteriocin, colicins produced by non-E.
coli species, in a healthy gut microbiome. Significantly, the few studies that been
published demonstrate that the microbiota is transformed by the addition of colicins. In
one study, administration of a bacteriocin producing Lactobacillus salivarius strain
altered the composition of the gut microbiota in both pigs and mice and the microbial
change was dependent on bacteriocin production (Riboulet-bisson, 2012).

In a

comparative study, the effects on the microbiota of five different bacteriocins were
examined and in general, the relative abundances of the bacteria phyla were not
affected by the presence of bacteriocin producers, but there were significant changes in
the family and genus level (Umu, 2016).

Additionally, bacteriocin, Bac-21, from

Enterococcus faecalis, perturbed competing enterococcal strains and significantly
decreased the abundance of the Gram-negative family Deferribacteraceae (Kommineni,
2015). Interestingly, in all these studies, the presence of bacteriocins impacted the
broader microbial community, not just the predicted sensitive strains. None of these
studies, however, addressed alterations to the microbiota when a colicin-producing
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strain is removed from a healthy gut microbiome. We can utilize our MP1 model to
specifically ask whether the gut microbiome is affected by the elimination of a colicinproducing commensal. To understand whether MP1 colicin impacts the general
microbial community at large, we could employ 16S rRNA high throughput
pyrosequencing to assess the gut community of mice colonized with either the wild-type
MP1 strain or the colicin-deficient MP1 strain. The results of this study would provide
insight into bacterial associated effectors that could mediate the composition of the gut
microbiota.

5.3 Defining the molecular interaction of LexA from different species with RecA*.
Although the LexA protein is widely conserved, prior to this thesis, it remained
unclear what aspects of the critical LexA self-cleavage reaction are conserved across
bacterial species. In Chapter 4, we demonstrated the LexA self-cleavage rates in the
presence of alkaline pH can vary extensively, with some LexA proteins not cleaving at all
under these conditions. Conversely, E. coli RecA*-mediated cleavage induced the LexA
self-cleavage reaction for all LexA proteins tested, albeit with different rates. In that
chapter, we briefly discussed ongoing efforts to parse out whether differences in RecA*mediated cleavage were due to altered intrinsic rates of LexA self-cleavage or whether
they are due to differing affinities of each LexA protein for E. coli RecA*. We proposed
utilizing radiolabeled LexA to evaluate initial cleavage rates of each LexA protein in the
presence of limiting amounts of E. coli RecA* in order to calculate the kinetic KM and kcat
parameters for RecA*-mediated cleavage. Determining KM for each LexA:RecA* pair
would provide an important step towards resolving how E. coli RecA* is interacting with
each LexA protein. If the KM values are similar, this would suggest that the catalytic steps
involving LexA self-cleavage are the predominant drivers of species-associated
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differences observed in the presence of E. coli RecA*. This provocative result would
suggest that the molecular interaction between LexA and RecA* remained conserved
across evolution and it is the self-cleavage property of LexA that evolved to have
different rates of self-cleavage. If the KM values are different, this would suggest that the
interaction with E. coli RecA* is altering the rate of the cleavage reaction in pre-catalytic
steps or potentially in post-catalytic product dissociation steps. Preliminary data with
LexATb suggest the KM is different compared to established literature values for LexAEc,
but this assay needs to be optimized and repeated before any conclusions can be made.
Deciphering the KM of each LexA protein for E. coli RecA* is an important first
step towards developing a molecular model of the LexA:RecA* interactions. However,
defining this property only captures one aspect of the molecular interactions between
LexA and RecA*. A schematic of the molecular steps for the LexA:RecA interaction is
described in Figure 17. The KM value has the potential to reflect all the steps of the
RecA*-mediated LexA cleavage reaction. It will be critical to also determine the
LexA:RecA* binding equilibrium (KD) using catalytically inactive LexA variants. Defining
both properties will provide insight as to whether it is the binding of LexA with RecA* or
whether it is an additional step in the reaction that accounts for the differing RecA*mediated cleavage rates. If the KD and KM values are similar to one another and differ
across LexA constructs, this could be strongly suggestive of a simple binding model in
which RecA captures LexA in a cleavable conformation upon binding. If instead, KD
values are similar, but KM values differ, this result would suggest the possibility of a postbinding step, such as a conformational change in the formed complex, that impacts the
overall rate of cleavage. Determining these kinetic constants for each of the different
LexA proteins with E. coli RecA* will thus help to define the LexA:RecA* reaction and will
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provide the necessary framework to begin probing molecular residues that are critical to
the LexA:RecA* interaction.

Figure 17: Expanded LexA:RecA* Reaction Model. Proposed mechanistic steps of
the RecA*-mediated LexA self-cleavage. The KD reflects the initial LexA:RecA* binding
equilibrium. The KM reflects all steps in the cleavage reaction starting from full-length
LexA to the LexA fragments.

To probe the initial binding equilibrium (KD) of each LexA protein with RecA*, we
can employ a fluorescence spectroscopic method using acridone, a fluorescent
unnatural amino acid, as a minimally-perturbing and sensitive site-specific probe that
can specifically report on LexA binding to RecA* (Speight et al., 2013). This method has
previously been established in our lab by a former graduate student, Zachary Hostetler.
When acridone-labeled LexA binds to RecA* there is a shift in fluorescence intensity or
fluorescence anisotropy. Utilizing a stopped-flow apparatus, we can measure a timedependent and concentration-dependent change in fluorescence anisotropy, which
allows us to obtain quantitative kinetic information with respect to LexA binding to RecA*
(Hostetler, unpublished). Using a competitive binding assay previously established by
Zachary Hostetler, we can determine KD values for each LexA protein. In this assay,
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unlabeled catalytically-inactive LexA proteins from different species would be preincubated with RecA*, allowing an equilibrium to be established (Figure 18).

Figure 18: Experimental set-up with acridone. This experimental set-up is designed
to measure the strength of competitive binding with E. coli RecA* between LexA of
different species (red cartoon LexA) and acridone-labeled E. coli LexA (black and blue
cartoon, where the blue indicates the acridone label).

Then we would rapidly mix in acridone-labeled LexAEc, monitor changes in
anisotropy, and calculate the initial rate of binding. Repeating this analysis with different
concentrations of unlabeled catalytically-inactive LexA from different species will allow
us to monitor the anisotropy change and calculate the initial binding rate at different
concentrations of unlabeled LexA thus generating a binding curve where the KD can be
determined. Comparing the binding curves of each LexA protein to the curve for LexAEc
would reveal differences in binding affinity.
In addition to the above studies focused on E. coli RecA, expanding both the
radiolabeled LexA and the acridone-based binding assays to RecA proteins from
multiple species could further elucidate how the LexA:RecA* interface may have evolved
across the phylogenetic tree. Ideally, we would include RecA proteins from Grampositive and mycobacterial species. Gathering this information would allow us to make
two formative contributions to the SOS field. One, it would be the first determination of
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the kinetic parameters surrounding the complex interaction between LexA and RecA* for
another bacterial species. For example, characterizing LexATb and RecA*Tb may provide
clues as to how the SOS regulon is regulated in vivo and would inform rational inhibitor
design. Two, it would allow us to make informed conclusions regarding how the
LexA:RecA* interface may have evolved across the phylogenetic tree. Understanding
how protein-protein interfaces evolve across the phylogenetic tree can provide insight
into the essential features that must be maintained, and those that are “tunable”,
adapting the pathway to best suit the needs of a particular species. For example, it is
possible in this scenario a LexA protein from a Gram-positive species would cleave more
rapidly in the presence of a RecA* protein from a Gram-positive species then it did in the
presence of E. coli RecA*, which could suggest co-evolution of this interface.
Alternatively, the converse may also be true in that a LexA proteins across species
would show the same spectrum of cleavage rates with a Gram-positive LexA. This result
would be more suggestive of the fact that LexA intrinsic self-cleavage has adapted
independent of the RecA* interface.

5.4 Concluding remarks
This thesis explores uncharted territory in the 60+ years of study into the SOS
response. Work in this thesis expands upon the traditional biochemical approach
commonly utilized in the lab to address biologically-significant questions. Work in
Chapters 2 and 3 exploit a mouse model that mimics the natural environment in order to
address important questions that were unanswered in both the SOS literature and the
colicin literature. However, the conclusions in each of these chapters barely scratch the
surface of what there is to understand regarding the functional role of the SOS response
and its effector proteins in natural habitats. Additionally, our work only investigated the
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SOS response in E. coli. The SOS regulon is highly variable across different bacterial
species, thus it is important to extend this work to other clinically-relevant bacterial
pathogens. We hope that work done in this thesis will inspire new questions aimed at
understanding how this critical stress response pathway permits bacteria to successfully
interact, adapt, and survive within their surrounding environment.
Further work done in Chapters 2 and 3 re-emphasizes the importance of using a
physiologically relevant model in order to address biological questions. Specifically, in
Chapter 3 our results were different from previous reports in the literature. We postulate
these differences were largely due to the utilization of a streptomycin-treated mouse
model in prior studies, which eliminates a significant portion of the microbial diversity. It
is possible, our results more accurately reflect the natural environment because our
studies employ a mouse-specific E. coli isolate and eliminate the need for sustained
antibiotic treatment during mouse colonization experiments.
In Chapter 4 we returned to biochemistry and addressed LexA self-cleavage
rates across different bacterial species. While we focused on biochemically
characterizing the differences in LexA self-cleavage activity across bacterial species, our
discovery raises the interesting question of why these self-cleavage rates are different.
We hope highlighting these differences will lead to further investigation into whether
SOS regulation across different bacterial species is tuned to reflect the characteristics of
each unique bacterial species. Taken together, the three data chapters presented in this
thesis support the hypothesis that the SOS response is far more complex than a simple
DNA repair pathway and is critical component for successful bacterial interactions with
the surrounding ominous environment.
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Appendix
Supporting information for Chapter 2

Supplemental Figure 1: Shown are the log CFU per gram of stool for WT:WT control
competition experiments in either CD-1 or C57BL/6 mice. Each symbol represents the
mean of all individual mice with the standard deviation shown. The limit of detection
was 102 for the CD-1 mice and 103 for C57BL/6 mice.
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Supplemental Figure 2: Clinical evidence of DSS-induced inflammation. (A) Disease
activity index was determined at the time of euthanasia. The index combines and
averages scores of weight loss, stool consistency and bleeding. (B) Colon length of
DSS-treated versus mice that did not receive DSS. Colon length was measured shortly
after euthanasia. Representative histological images of a colon from (C) a mouse not
receiving DSS and (D) a mouse receiving DSS. Arrow indicates inflammatory infiltrate
in the colonic mucosa and a region of ulceration.
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Supplemental Figure 3: Shown are the log CFU per gram of stool for WT:WT DSStreated control competition experiments with C57BL/6 mice. Each symbol represents
the mean of all individual mice with the standard deviation shown. The limit of detection
was 103.

Supplemental Figure 4: Comparison of cecal versus stool results for WT:SOS-off
competition in the DSS-treated (A) or germ-free experiments (B). At the time of
euthanasia cecal contents were collected and prepared similar to the feces. Shown are
the competition index calculations. Each circle represents an individual mouse. The
comparison between the cecal and stool samples was made using a two-tailed
unpaired Student t test. NS, no statistical significance (p>0.01).
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Supporting information for Chapter 3

Supplemental Figure 5: SOS reporter assay with recA promoter. The promoter activity
of recA is compared to the promoter activity of colicin and dinB. GFP induction for recA
promoter or colicin promoter is indicated by the purple and green arrows, respectively.
GFP induction for the recA promoter begins around 20-25 min and 30-35 min for the
colicin promoter. The time of increased promoter activity was determined based on
statistically significant increase in GFP fluorescence relative to baseline as determined
by two-tailed unpaired student t test.
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